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ABSTRACT
Tensioned bolts work in different mechanisms from the fully grouted resin bolts
and are believed to be effective for certain types o f roof strata.

A 3-D finite element

model using ABAQUS has been developed for the tensioned bolting design.

In this

model, the physical process o f the tensioned bolting including entry excavation sequence,
ro o f bolting components, bolt installation procedure and pre-tension is modeled
realistically. Bedding planes and in-situ horizontal stresses are also considered in the
model. A case study o f a well-instrumented intersection o f entry/crosscut was used to
compare the results from the modeling with field measurements in terms o f the vertical
stress in the pillars, roof horizontal stress, bolt loads, ro o f displacement, bedding plane
separations and roof yielding. It is concluded that the results from the modeling agree
fairly well with the fielding measurements.
Using the established model, the bedding plane study is conducted in terms o f the
its mechanical properties and behavior as well as the effect o f the bedding plane location,
the num ber o f bedding planes in the immediate ro o f and the strength sequence o f
immediate ro o f on roof stability and tensioned bolting.
Factors such as in-situ horizontal stress, overburden depth. longwall mining and
intersections are also studied on how they affect the ro o f stress distribution, ro o f yielding,
roof deform ation and tensioned bolting.
Based on the analysis o f the mechanisms o f the tensioned bolts and the failure
modes o f the tensioned bolted strata, a design procedure for tensioned bolting is
proposed. The developed model can be used for tensioned bolting design to determine
the bolt length, optimum pre-tension, bolt diam eter and bolt spacing.
A ccording to the bedding plane locations, the ro o f is classified into 4 types.
Based on the geological condition o f the Pittsburgh seam, some design guidelines are
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given. Finally, a com puter program is developed for tensioned bolting design using the
data from numerical modeling. The results such as yield zone, ro o f deform ation, bolt
load increase and stresses around the entry from numerical modeling are built into a
database. The program first gets the geological inputs from users, searches the design
information in the database, perform s the analysis using the design criteria, and finally
displays the design by 2-D/3-D views.
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CHAPTER 1
INTRODUCTION
R oof bolting is a com m on practice in supporting entries in underground coal
mines. U.S. coal mines have been consuming approximately 100 million pieces o f roof
bolts annually for the past twenty years.
Six types o f roof bolts are currently used in the U. S. coal industry for reinforcing
the entries in underground coal mines. However, in terms o f the mechanisms employed
to reinforce the roof strata, there are only two basic types:

tensioned bolt and fully

grouted resin bolt. Tensioned bolt is primarily mechanically anchored, but in order to
increase the anchorage capacity and installed bolt pre-tension, various variations o f
tensioned bolts have been developed including torque tension bolt, mechanicallyanchored resin-assisted b o lt combination bolt and resin-anchored cable bolt.

It was

estimated that 20% o f bolts used in U. S. underground coal mines are tensioned bolt and
another 80% are resin bolt (D olinar and Bhatt. 2000).
Tensioned bolt and fully grouted resin bolt are believed to work in different
mechanisms. Although tensioned bolt only accounts for a small portion o f the annual
bolt consumption, it is effective for reinforcing certain types o f ro o f strata. The basic
understanding o f the tensioned bolts is that the pre-tension on the bolt can improve the
behavior o f ro o f by forming a com pressive zone over the roof, and by building a strong
beam in increasing the friction between the opposite sides o f the bedding planes.
However, to quantitatively describe the interaction between the tensioned bolts and rock
and to do the tensioned ro o f bolting design using a scientific method, m ore research
needs to be done.
Coal mine roof strata occur commonly in layers o f various thickness. The contact
planes between layers o f different rock types called

"bedding planes", are normally

much w eaker than the rock layers themselves and separations occur easier along these
planes before failure initiates within the ro o f layers (Peng. 1998). Bedding planes are
more important than the rock type itself in controlling roof stability in ro o f bolting, but
their effect on the reinforcem ent o f ro o f strata has received little attention in bolting
design.

l
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R oof failure is more likely to occur when the roof is subjected to high horizontal
stress. In both room and pillar mining, and longwall mining, the high horizontal stress
could cause either cutter roof failure at the entry com er or ro o f compressive failure at the
center o f the entry, significantly affecting the stability o f the panel entry system in both
the development and mining periods. Horizontal stress can be lessened by orienting the
panel in the right direction. However, how does the horizontal stress affects tensioned
roof bolting is also relatively unknown.
Since stress over the entry increases with overburden depth, the ro o f with a large
overburden depth has more potential to fail.

How does overburden depth affects

tensioned roof bolting design also needs to be studied.
R oof falls in underground coal mines are much more likely to occur at the
intersections than in the entries and crosscuts because o f the large ro o f spans.

The

current practice for supporting intersections is to use the same ro o f bolt design as that for
the entries and crosscuts or provide additional support often determined by experience.
Such practice could result in either over-supported or under-supported ro o f at the
intersections.

In order to support the intersections efficiently, a m ore scientific

methodology for designing ro o f bolt plan for intersections is desired.
Therefore, it is necessary to study the mechanism o f the tensioned bolts and
analyze the factors that affect the stability o f the bolted ro o f strata. To quantitatively
describe the interaction between the bolts and the rock, as well as the effect o f the
bedding plane, in-situ horizontal stress, excavation sequence and pre-tension. 3-D
numerical modeling method was used to do the study. Based on the numerical model and
theoretical analysis, a uesign approach for tensioned ro o f bolting was proposed.
This dissertation focuses on the tensioned bolting mechanism and tensioned roof
bolting design using numerical modeling method.

It consists o f five parts:

basic

consideration and initial study: bedding plane study: tensioned ro o f bolting design: some
factors for tensioned roof bolting: and design guidelines and program development.
The first part analyzes some factors that are important to the tensioned roof
bolting and how these factors are considered in numerical modeling. Some basic models
are established and results are also given.
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In the second part, the physical characteristics o f the bedding plane were
examined and the mechanical properties o f the bedding plane w ere tested. According to
the results from numerical modeling, the bedding plane was studied in regarding to the
bedding plane locations, the num ber o f bedding planes in the immediate roof, the
coefficient o f friction o f the bedding plane and the strata strength sequence.
In the third part, the m echanism o f the tensioned bolts and the failure modes o f
the tensioned bolted strata were analyzed and a finite element model was developed for
the tensioned ro o f bolting design. Finally, a new design approach for the tensioned ro o f
bolting was proposed and verified.
In the fourth part, the factors such as in-situ horizontal stress, overburden depth,
longwall mining and intersections w ere analyzed on how they affect the ro o f stress
distribution, ro o f yielding, roof deform ation and tensioned bolting.
Finally, based on the geological condition o f the Pittsburgh seam, some design
guidelines are given and a com puter program was developed for the tensioned roof
bolting design.

3
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CHAPTER 2
LITERATURE REVIEW
R oof bolting in coal mines was em ployed to a significant level in the late 1940s in
the US. M ost o f the bolts used a slot and wedge anchor and were tensioned by a nut
tightened against a bearing plate. Because o f better anchorage, the m echanical anchor
bolts eventually replaced the slot and w edge bolts as the main roof support. For the coal
industry, the fully grouted resin bolt was introduced in the late 1960s and early 1970s.
and today it has become the predom inant support used by the coal industry.

Resin-

assisted m echanical anchor bolts that combined the superior resin anchor with the tension
o f a m echanical anchor bolt were introduced in the late 1980s.

Fig.2.1 shows the

estim ated bolt usage in U.S. in 1999 (D olinar and Bhatt. 2000).

Resin Assisted
Mechanical Anchor

Torque Tension

combination
1%

Mechanical Anchor
8%

Fully Grouted
80 %

Fig. 2.1 Percentage of Bolt Types Used in U. S. Underground Coal Mines (after D.
R. Dolinar and Bhatt, 2000)
2.1 Types o f Roof Bolts
The prim ary com ponents o f a ro o f bolt are a solid steel bar and other accessories
including the mechanical anchor, bearing plate, washer, etc. The grades o f steel used for
ro o f bolts are grades 40. 50, 60, 75, o r 40.000 psi, 50,000 psi, 60,000 psi and 75.000 psi
yield strength, respectively.

Com m on bolt diameters are 5/8 in, V* in, 7/8 in and 1 in.

4
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The bearing plates are usually 3/16-1/2 in thickness and, by law. a minimum o f 6 in.
square[Guo, 1996].
Today, the four main types o f tensioned bolts used in the U.S. coal industry are
the mechanical anchor bolt (Fig.2.2). the resin-assisted mechanical anchor bolt (Fig.2.3).
the torque-tension bolt (Fig.2.4) and the combination bolt (Fig.2.5)[Dolinar & Bhatt,

2000].

Expansion shell anchor

Bedding plane

Smooth bar

Roofline
Bearing plate

Fig. 2.2 Mechanical Anchored Bolt
The mechanical anchor bolt consists o f a smooth headed bar with a threaded
anchor end. A mechanical shell anchor attached to the threaded end o f the bolt is used to
anchor the system. As the bolt is torqued, the force drives a plug against the outer shell,
which expands and is set with a radial force against the rock. Once the anchor is set, the
bolt is then tensioned. Bolt torque is required to set the anchor and provide an active
force to the rock for reinforcement.

5
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Expansion shell anchor
Resin

Bedding plane

Smooth bar

Bearing plate

Bearing plate

Fig. 2.3 Resin Assisted Mechanical Anchored Bolt

Beddine nlane

Rebar

Resin (slow)

Roofline

.. Bearine nlate
Threaded

Nut

Fig. 2.4 Torque-tension Bolt
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Rebar
Resin
Coupler -

Bedding plane

Smooth bar

Bearing plate
Roofline .

Fig. 2.5 Combination Bolt
One advantage o f mechanical anchor bolts is quick installation (less than 10 sec).
The tension can be set up to the yield strength o f the steel or the anchorage capacity o f
the system. However, the anchor must be able to support high bolt loads with minimal
displacement.

Pre-tension o f up to 25.000 lb have been achieved, but the rock limits the

amount o f tension that can be applied by the mechanical anchor bolt. O ver time, the
tension may be reduced because o f creep o r failure o f the rock around the anchor and
relaxation o f the anchor threads.

Therefore, the mechanical anchor bolt system has

usually been installed in stronger ro o f rock o r at least where the anchor is placed in a
good-quality rock.
The resin assisted mechanical anchor bolt is basically the same as the mechanical
bolt except that resin. 1-3 ft or more in length, is used at the top o f the bolt.

The

objective is to utilize the best features o f the tw o basic types o f ro o f bolts in one bolt. i.e.
the quick installation tim e o f the mechanical bolt and the excellent anchorage capacity o f
the resin b o lt This type o f specialty bolt is designed to achieve high o r very high bolt
tension at installation. In order to accom plish this, a high machine installation torque and
7
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various types o f friction reducing washers have been used to increase the tension-torque
ratio o f the bolt [Peng, 1998].
The torque-tension bolt is essentially a resin-grouted rebar system that is pretensioned on installation. This system consists o f a rebar with a threaded end at the head
o f the bolt. A nut with a torque-delay mechanism is used to torque and tension the bolt
and a full resin column used to anchor the bolt. For the fiill-column resin anchor, two
different speeds o f resin are used.

In the upper portion o f the anchor, there is a fast-

setting resin; in the lower portion, a slow er setting reset. W hen the slower resin sets, the
system will resist rock movement with the stiffness o f a fully grouted bolt and will
further reinforce the lower roof with an active clamping force. A fully grouted torquetension system combines both the active force o f the resin-assisted mechanical anchor
bolts and the superior anchorage and the stiffness o f the fully-grouted resin rebar systems.
The combination bolt is a tw o-piece bolt. The upper piece is a rebar whereas the
low er piece is a smooth and headed bar. and they are connected by a coupler, which
allows one to put tension in the bolt by mechanically pulling the non-encapsulated
bottom against the resin encapsulated top. The top anchor is provided by a resin column
around the rebar and the lower anchor by the bearing plate against the roofline.

The

anchorage o f combination bolt is norm ally larger than a mechanical bolt depending on
the length o f the resin grout. The com bination bolt is more suitable for w eaker rock
strata at the anchorage horizon and weaker bearing surface at the hole mouth.

The

com bination bolt is sometimes found to break at the threads near or at the coupler
location, especially when a large horizontal movement is present [Peng. 1998].

2.2 Tensioned Bolting Mechanism
Although tensioned bolts have been used in U. S. for about 5 decades, the real
support mechanism, especially the support design criteria, still remains undeveloped.
The basic existing theories regarding ro o f bolt support are; suspension, beam building,
friction and rigidity.
(1)

Suspension - If the lower strata in the ro o f are weak and the overlying strata

are strong, ro o f bolts required for the support o f the lower strata are anchored in the

8
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overlying strata to hang the low er strata up. The number o f bolts required is calculated
using only the w eight o f the rock to be hung.
(2) Beam building - If the lower strata are thinly laminated, the bolts clamp a
number o f layers together to form a thick beam which is stronger than the individual
layers. The beam building applies to ro o f strata in which a strong layer is not available
within an economical anchorage horizon. The key to the beam building is to decide what
is the optimal beam thickness and how much tension on bolt should be installed.
(3) Friction and rigidity - Friction and rigidity applies to tensioned bolt as well as
to resin bolt in reinforcing layered roof. Before a separation occur, the pressure induced
by the bolt tension at the bedding plane interface tends to prevent sliding between layers
and combine the different layers into a single layer due to the increase o f frictional
resistance along the bedding plane. A fter separations occur, the normal resistance by the
bolts tends to prevent the ro o f from having more bending or sag, thus increasing the
integrity and rigidity o f the roof.
A lot o f research have been done on tensioned bolts [Peng. 1998: Stankus and
Peng, 1996; M aleki. 1992; Frith and Thom as. 1995; Gale. 1986; Tang, 1984; Lang.
Bischoff and W agner. 1979; Panek. 1964]. but few considered bedding planes and in-situ
horizontal stress in tensioned ro o f bolting design.

Peng [1998] argued that resin-assisted

point-anchor tensioned bolts can be used to clam p thinly laminated ro o f beds into a thick
beam that is more resistant to bending. Stankus and Peng [1996] added that by increasing
frictional resistance along bedding planes, ro o f sag and deflection is minimized, and
lateral movement due to horizontal stress is unlikely to occur. Tensioned bolts are also
said to be more efficient, because a stronger beam can be built with the same bolt by
utilizing a larger installed tension on this bolt. Frith [1995] concluded that the level o f
bolt pre-tension at installation does change roof behavior. If beam action is lost using
standard bolting, it can be restored by using more bolts or higher levels o f pre-tension for
the same number o f bolts. By field instrumentation, Maleki [1992] confirm ed that bolt
tension is important in limiting ro o f movements when mechanically anchored ro o f bolts
were used.
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2.3 Tensioned Bolting Parameters
(1)

Bolt length - An adequate bolt length has to be chosen to support the roof

efficiently and economically.
mechanism.

The optimal roof bolt length depends on the support

Where bolts are merely acting as skin control, they may be as short as

750mm(30 in). In the suspension mode, bolts should obtain at least 300 mm (1 ft) o f
anchorage in the solid strata [Mark. 2000].
The proper bolt length is more difficult to determine in beam building mode.
Some empirical formulas are:
Bl = S'13
c
Bl = —

[Lang, Bischoff and W agner. 1982]
[Bieniawski. 1987 ]

B l = --------- ^

-----

[Unal. 1984]

( 2- 1)

(2-3)

(2-4)

W here B l = bolt length:
S = ro o f span:
RMR = rock mass rating [Bieniawski. 1987]
N one o f the three equations consider the stress level around the entry which is
important for the stability o f the beam, and also none o f them have been adopted for
practical use in coal mines.

Stankus and Peng [1996] suggested that a 5 ft bolt with high

tension builds a strong beam which has been proven effective in the field.
(2) Bolt pre-tension - Tensioning o f the mechanical bolt is a very important factor
for successful reinforcement o f the layered roof, but very few studies have been made on
the adequate tension which should be used for a specific ro o f strata and bolt pattern.
Frith and Thomas[1998] advocated

that pre-tension modifies ro o f behavior by

dram atically reducing bed separation and delaminations in the immediate 2- 3 ft o f roof.
Fuller [1999] concluded that the generally positive results combined with

field trials

indicates that pre-tensioning when combined with full bonding o f bolts provides the
maximum strata reinforcement.
(3) Bolt diam eter - Few papers address the issue o f proper bolt diam eter for the
tensioned

bolt. However, it is an important factor in providing both axial and shear

resistance to bedded strata. In beam building where the ro o f is w eak and ro o f sag is

10
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large, the bolt with a large enough diam eter might effectively prevent ro o f falls by adding
more axial and shear resistance to the immediate roof.
(4)

R oof bolt pattern — An adequate design o f bolting pattern will not only

increase the safety o f the mine roof, but also reduce the labor and cost o f materials for a
ro o f bolting system.

In the United States, the density o f ro o f bolt support varies little.

With the advent o f dual-head ro o f bolting machines, four bolts per row has become the
near-universal standard. Bolt spacing is limited by law to a maximum o f 5 ft. but is
seldom less than 4 ft.

With the entries varying in width from about 15-20 ft. bolt

densities range from approxim ately one bolt per 25 ft2 to one bolt per 15 ft2.

Such

patterns are appropriate for most o f the U. S. coal mines [Mark, 2000].
But, in other countries, higher bolt densities are considered necessary to maximize
the strength o f failed rock around the entries.

In UK. the minimum bolt density is 1

bolt/11 ft2 and many Australian mines use similar bolt densities [Gale et al. 1992].
In high stress conditions, it might be helpful to put extra bolts in where the bolts
are most heavily loaded. The field study reported by Maleki et al.. [1994] found that
increasing the bolt density reduced the average bolt load, while the total load remained
approximately the same.

2.4 Approaches to Tensioned Bolting Design
Various approaches have been attempted to give a criterion for the design o f
tensioned bolts, but none has achieved wide success.

Today, tensioned bolts are still

designed using a combination o f past experience, trial and error, and regulatory
requirements. The approaches used by researchers in ro o f bolting basically fall into four
categories: physical modeling, field instrumentation, analytical method, numerical
modeling.

2.4.1 Physical Modeling
The earliest attempts to develop a criterion for application in ro o f bolting involved
studies o f physical models o f m ine entries.

Their general objective was to identify

conditions which might cause extensive failure in the real entries.

The support o f

horizontally-bedded roofs in w eak rock has been described by Panek [1964] who
conducted a series o f scale m odel tests using limestone slabs to represent ro o f layers. He
11
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also formulated a practical design

procedure for tensioned bolts in the form o f a

nomogram. Although Panek's nomogram continues to be quoted, it is very doubtful that
it has been used for practical design [Fuller, 1999],
In the last few decades, several researchers used physical models to explore
tensioned bolt perform ance [Fairhurst and Singh, 1974: Raoul and JAAK. 1983: Dhar et
al. 1983]. AH o f these studies assum ed that the roof was a perfectly bedded composite
beam. They consistently found that beam deflection can be reduced if the number o f bolts
in a given span is increased and that fractured roofs are capable o f self-reinforcement
due to the use o f tensioned bolt.
Physical models could explain some mechanisms in using the tensioned bolts, but
they are inherently limited in their potential application as a design tool because it is
difficult to maintain the similitude in the material properties and the loads applied to the
model.

2.4.2 Field Instrumentation
This design approach was developed in Australia [Gale. 1991] and was largely
adopted by the U.K. Code o f Practice [Bigby. 1997]. The basic idea is that failure first
occurs at the lowers layer o f the ro o f and then high stress is forced to go into the upper
layers, which in turn can cause m ore layers to fail. The purpose o f ro o f bolts is to restrict
the height and severity o f failure in the ro o f by the frictional strength o f the failed ro o f
layers.

The m ethod consists o f measuring the loads developed in roof bolts during

m ining and defining the height and severity o f roof deformation obtained from multipoint
extensometers. Based on the field data, the bolt support parameters such as bolt length,
bolt density and borehole size may be adjusted.
The results are considered valid for environments that are sim ilar to the one
studied. Significant changes in the geology or stress field require additional monitoring
[Mark, 2000]. However, in the U.S., field instrumentation m ethods have proven to be too
complex, costly and time-consuming. They yield limited results and are subjected to the
constraints o f mine operations and safety regulations [Guo, 1996].
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2.4.3 Analytical and Empirical Method
Rigorous mechanics is very difficult to produce an analytical solution for roof bolt
system even though the rock mass is taken as continuous, hom ogenous and elastic. The
oldest and simplest equation for bolt design is the dead-weight suspension [Mark. 2000]:
U xTxW xR
P = -------------------- S F
N +l
W here

(2-5)

P - required bolt capacity:
U - unit weight o f the rock;
T - thickness o f suspended rock;
N - num ber o f bolts per row;
We - entry width:
R - row spacing;
SF - safety factor.

This equation is still widely used and is suitable for suspension support in low
stress conditions.

However, high horizontal stress can increase the bolt load greatly.

Signer et al.. [1993] found that the measured loads on ro o f bolts are often twice what
would be predicted by this equation.
So far. there are few formula for the design o f ro o f bolt systems in the U.S.
NIOSH developed some formula for bolt support design based on the study o f roof fall
frequencies at 37 coal mines [M ark. 2000]. The formula uses CM RR to represent ro o f
strength and overburden depth to represent stress level.
For beam building, the bolt length is determined by:
i = 0n.1i-*
f\ \ ilogio<H>r[ -----100 —
Lb
2 (Is)
—CMRR
-------]
Where

A
ft

( 2 -6 )

Is - diagonal intersection span. Is = 31 + 0.66 x CM RR. ft;
H - depth o f cover, ft.

For bolt pattern, a design variable PRSUP is used.
PRSUP = Lb * Nh x C
S h xW e
W here

(2-7)

PRSUP - a design parameter;
L b - length o f the bolt, ft;
Nb - num ber o f bolts per row;
13
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C - capacity o f bolt, kips;
Sb - spacing between row s o f bolts, ft;
We - entry width, ft.
The suggested value o f PRSUP for shallow overburden depth is determined as:
PRSUP = 1 5 . 5 - 0.23 x CM RR

(2-8)

and for deep overburden depth:
PRSUP = 17.8 - 0.23 x CM RR

(2-9)

The formula require a determ ination o f the roof quality (CM RR) which is largely
dependent on subjective judgm ent.

In addition, the field data used for deriving the

formula w ere highly scattered. Therefore, these formula can only be used for preliminary
design o f ro o f bolt systems.

2.4.4 Numerical Modeling
Numerical modeling uses various numerical techniques such as finite element.
boundary elem ent, finite difference and discrete element to solve a given problem. A
large num ber o f variables and complex site-specific conditions such as rock properties,
geology, bolt type, bolt length, bolting pattern, mine geometries, etc.. can be considered
in the modeling. The limitation for the numerical modeling is the difficulties in
determ ining in-situ rock properties and rock behavior as input parameters.
With the developm ent o f powerful com puter and numerical techniques, many
commercial numerical packages are available, among which the ones using the finite
elem ent method such as ANSYS, ABAQ U S. I-DEAS are most popular. O ther packages
using finite difference method and discrete element method, for exam ple. FLAC and
UDEC, are also com m ercially available.
Stankus and Peng [1996] used A N SY S to simulate tensioned bolts and proposed
the Optimum Beaming Effect. This concept has been used in practice and achieved some
effect in the entry support in coal mines.
Peng and G uo [1989] developed a 2-D boundary elem ent m odel for the design o f
fully grouted bolting. The model considered weak bedding planes, ro o f stiffness, layer
thickness and horizontal stress. By applying dimensional analysis, a series o f equations
were derived to determ ine the bolt length, the num ber o f bolts required to prevent bed

14
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separation, tensile fracture, shear fracture at midspan and shear fracture at the entry
com ers.

2.5 Remarks on Previous Studies
The literature review presented in the previous sections indicates that several
types o f tensioned bolts are currently being used in U.S. coal mines, but no reliable
design approaches are available for coal mine entry support although various methods
have been tried to understand the support mechanisms and to produce rational design
guidelines.
The inadequacies o f the previous studies can be summarized as follows:
(1) The rock properties are not known from in-situ conditions and specific sites,
so any calculation and simulation poses errors.
(2) Previous tensioned bolting design did not incorporate bedding plane effects,
which is very important for the stability o f the roof.
(3) Various types o f ro o f with different stress level have different failure modes
and the bolt support should prevent possible failure, but none o f the available design
methods takes failure modes into consideration.
(4) Horizontal stress contributes a lot to roof falls, but few methods use horizontal
stress as a factor in design tensioned ro o f bolting.
(5) Most o f the numerical models used in simulating bolts are elastic and twodimensional. which is not able to represent the actual rock mass response and bolt-rock
interaction.
This study will try to consider the bedding plane, in-situ horizontal stress, roof
failure modes and plasticity o f the ro o f in the tensioned ro o f bolting design by using 3-D
numerical method.
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CHAPTER 3
RESEARCH SCOPE AND INITIAL STUDY
3.1 Introduction
The ultimate goal o f this research is to develop tensioned roof bolting design
m ethodology based on both the in-situ rock properties obtained from ro o f bolter drilling
param eter analysis, other rock strata data and measurements such as coal property,
horizontal stress, overburden depth, entry geometry and longwail panel location, etc.
This research has three steps. In the first step, a numerical model is established and an
initial study is conducted and in the second step, design criteria and a design procedure
are proposed and verified based on numerical modeling. In the last step, some factors for
tensioned ro o f bolting are analyzed, some design guidelines are proposed and a com puter
program is developed for tensioned ro o f bolting design. In order to give a reliable design
for various conditions, the following factors are considered in the study:
( 1 ) bedding plane effect:
( 2 ) roof failure modes with tensioned bolt supports:
(3) horizontal stress influence on the tensioned bolting design:
(4) effect o f intersection on tensioned bolting:
(5) abutm ent pressure influence on the tensioned bolting design.
A s the numerical methods have become a powerful tool for engineering
mechanics analysis, the m odem engineering designs in many areas are more and more
rely on computers. Rock mechanics, however, has lagged behind. The main reason is
that the in-situ rock properties are difficult to know and loading conditions are also
difficult to define.
A commercial finite elem ent package. ABAQUS. is chosen in this study because
the following features o f this package are essential for the modeling o f ro o f bolting:
( 1 ) contact planes which is important for simulating bedding planes and the contact
between bearing plate and ro o f rock:
( 2 ) m ultiple steps to simulate the excavation sequences:
(3) submodeling technique for local stress analysis as the global model is unwieldy:
(4) initial conditions to simulate the initial horizontal stresses:
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(5) assembly load to simulate the bolting tightening by the pre-tension;
( 6 ) nonlinear materials to sim ulate the nonlinear behavior o f the ro o f strata.
The finite elem ent models in this study are based on the following conditions:
( 1 ) entries are rectangular openings in horizontally bedded rock:
( 2 ) all the models are three dim ensional;
(3) ro o f and floor strata are elastic perfectly-plastic;
By using the powerful tool, ABAQUS, and high speed w orkstations together with
solid engineering analysis, this study tries to consider as many factors as possible to
perform the computer-aided design for tensioned roof bolting in coal mines.

3.2 Research Scope
3.2.1 Bedding Plane
R oof strata in coal mines often com es in layers o f various thickness.

Bedding

planes are those contact planes between layers o f different rock types. All these planes o f
interface are normally much weaker than the rock layers them selves and separations
occur easily along these planes before failure initiates within the rock layers.
Two mechanical properties o f bedding planes are significant for ro o f support.
The first is the low o r zero tensile strength in the direction normal to the bedding planes.
The second is the relatively low shear strength o f the surfaces, com pared with that o f the
intact rock. Both o f these two properties have adverse effects on entry stability, which
must be considered in the bolt support design.
The two phenomena caused by bedding planes are sliding and separation. The
criterion for sliding on bedding planes is determ ined by the shear strength o f the surfaces.

r„ > o h x ta n ^ „ + c A

where

(3-1)

tb - shear stress on the bedding plane,
Ob - normal stress on the bedding plane:
Cb - cohesion o f the bedding plane;
4

»b - friction angle on the bedding plane.
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Sliding causes the lower ro o f layer to displace towards the center o f the entry,
tending to isolate the roof layer from the one immediately above it. Sliding also changes
the stress distribution around the entry, which reduces the ro o f stiffness.

If the lower

layer o f the roof is not so stiff as the upper layer, the lower layer may so deflected as to
generate tension between the two layers, thus causing separation. Separation means that
the mechanical interaction between two adjacent roof layers is lost, and that the lower
layer itself must support its full gravitational load.

3.2.2 Roof Failure Mechanics with Tensioned Bolts
(1) R oof failure modes
The unsupported entries in underground coal mines might have one o f the three
common types o f roof failure, namely tensile failure, steep shear failure and low angle
shear failure, as shown in Fig.3.1 [Jeremic, 1985]. The mechanics o f tensile failure o f
ro o f strata can be approximated by considering the ro o f as a rock beam with clamped
edges. The beam fails in the m iddle under load deflections at critical tensile strength.
Steep shear failure is a characteristic o f w eak rock, which develops at the rib edges. The
rock falls as a solid beam without first breaking in the middle. Low angle shear failure is
caused by horizontal stress. O ne failure case is the slip along bedding planes in thinly
bedded ro o f and another is the shearing at low angles in thick bedded roof.
(2) R oof yielding criteria
Rock has two failure modes: shear failure and tensile failure. The ro o f in coal
mines is seldom to be subjected to tensile stress if in-situ horizontal stress is larger the
vertical stress. Therefore the shear failure is the most likely failure mode for the ro o f
strata in coal mines. M ohr-Coulomb failure criterion was developed for brittle material
and assum es that the maximum shear stress is the only decisive measure o f impending
failure. Since it is widely used in geo-mechanical analysis, the M ohr-Coulomb criterion
is used in this study.
The simplest form o f the M ohr envelope f(<y) is a straight line, illustrated in Fig.
3.2.

The equation for the straight-line envelope is known as M ohr-Coulomb failure

criterion.

I x | =c - cr tan(J>

(3-2)
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w here

x - shear stress on the failure plane;
a - normal stress on the failure plane;
c - cohesion o f the rock material;
<j>- angle o f internal friction.

a. Roof Fall due to Tensile Failure

b. Roof Fall due to Steep Shear Failure
■—

.

laminate d ih a ts roof

.

c. Roof Fall due to LowAngle Shear Failure

Fig. 3.1 Unsupported Roof Failure(after Jeremic M. L.)
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t

I = c - a tan<j>

Fig. 3.2 Mohr-Coulomb Failure Criterion
The M ohr-Coulomb failure criterion assum es that the rock m ass strength is
defined by the cohesive strength and the internal friction angle. The linear relationship
between the m ajor and m inor principal stresses for the Mohr-Coulomb criterion is
<T,

1 + sin <f>
2

c cos (j>

1 - sin ^

-CTj

" 2c cos <f>

=

1

(3-3)

where cti. 0 3 - the major and m inor principal stresses, respectively:
<j>- internal friction angle:
c -

cohesion o f the rock material which can be determ ined by uniaxial
compressive strength o c using the following equation:
2c cos <(>
1 - sin <f>

(3-4)

The M ohr-Coulomb failure criterion can be considered a generalized Tresca
criterion accounting for the hydrostatic pressure effect. The M ohr-Coulomb hexagonal
failure surface is mathematically convenient only in problems w here it is obvious which
one o f the six sides is to be used. If this information is not known in advance, the comers
o f the hexagon can cause considerable difficulty and give rise to complications in
obtaining a numerical solution.
T he M ohr-Coulomb criterion assum es that failure is independent o f the value o f
the intermediate principal stress. The failure o f rock material generally includes some
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small dependence on the intermediate principal stress, but the M ohr-Coulomb criterion is
generally considered to be sufficiently accurate for most applications.

3.2.3 Selection o f Bolt Type
According to the study by M aleki (1992), tensioned bolts are suitable for weak
strata with low stress levels, whereas the fully grouted resin bolts are suitable for long
term support o f thinly-bedded roo f strata w here the horizontal stress is moderate, and
fully grouted tensioned bolts and com bination bolts are suitable for ro o f strata with weakto-m oderate rock mass strength and high stress level. Based on the studies o f 20 different
strata. Maleki proposed the preliminary criteria for selecting bolt types.

As shown in

Fig.3.4, the suitability o f bolt types is related to stress level and the rock mass strength.
The average stress is the principal stress calculated for the first one foot o f ro o f rock and
the rock mass strength is calculated using the following equation.
„ . ..
„
,
Uniaxial Compressive Strength
Rock _ Mass _ Strength = ------------ =------ ---------- =------- —
k
w here

,,
(3-3 )

k =1 for massive strata:
k =2 for cohesive, medium-bedded strata:
k =3 for thinly laminated, non-cohesive strata.
M aleki's criterion gives the basic concept for choosing bolt types. However, no

practical method is given to calculate the average stress.

3.2.4 Horizontal Stress
Horizontal stress is believed to be more important to ro o f stability than the
vertical stress for the reason that most vertical stress is applied to the pillar, while the ro o f
m ust bear the horizontal stress.

The horizontal stress has the following two effects

[M ark. 2000]:
(1)

com pressive ro o f failure

In thinly bedded roof, the failure develops layer by layer progressively due to
buckling o f individual beds.
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Fig. 3 J Selection of Bolt Type (after Maleki, 1992)
(2) directional effects
R o o f dam age is generally much greater in entries oriented perpendicular to the
maximum horizontal stress than in entries driven parallel to it. In the eastern United State,
the horizontal stresses are generally two or three times the vertical . and 76% o f the
measurements fall within 25° o f N75°E.

In the western United States, the horizontal

stresses vary from mine to mine, but approximately equal to the vertical stress. In both
sets o f measurements, the maximum horizontal stress is about 40% greater than the
minimum.
Due to the characteristics o f the horizontal stress and its significance to the ro o f
stability, it m ust be considered in the finite elem ent analysis and in ro o f bolting design.
It is not possible in numerical m odeling for the ratio o f the horizontal to vertical
stress to reach one only by the Poisson's effect o f the gravity load. Therefore, initial
horizontal stresses have to be applied to the model to meet the desired in-situ horizontal
stress level.

3.2.5 Abutment Pressure
W hen a longwall panel is mined out. the entries, headgates and tailgates will be
subjected to a front and a side abutment pressure caused by the longwall mining. In this
case, the stresses in both the immediate ro o f and in the pillars are increased greatly
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causing the ro o f to have more chance to fail. Since high stresses occur near the tw o Tjunctions in longwall panels, the support o f entries around the two T-junctions should be
studied.
A gob material model developed by Peng and M orsy (2001) will be used to
simulate the abutment pressure. The immediate ro o f and main ro o f properties,
overburden depth and longwall panel dimension are important parameters for abutm ent
pressure simulation.

3.2.6 Tensioned Roof Bolting Design
By considering the above factors, tensioned bolting mechanisms are analyzed and
some design criteria are proposed. The cases such as the entries during developm ent,
intersections and longwall mining effect are simulated.

A com puter program will be

developed to perform the tensioned ro o f bolting design. The input data are overburden
depth, horizontal-to-vertical stress ratio, entry geometry, rock properties and layer
thickness, etc. The main part o f the design is the determination o f the bolting parameters
such as bolt length, pre-tension, bolt pattern and bolt diameter. Since the bolt support
m echanisms are very complicated, it is not easy to obtain the support parameters by
simple calculations. Therefore, the data from this finite elem ent analysis are built into the
database and then the program searches the required information from the database to do
the tensioned ro o f bolting design using the proposed design criteria. The program can
also show the design in 2-D/3-D view.

3.3 Finite Element Modeling Considerations
The modeling o f roof bolting is more complicated than that o f

other geo

mechanical problems, especially when bedding planes and non-linearity are considered.
Using A BAQ U S to model roof bolting, the following factors must be considered.
(1) Global model and sub-model
The finite elem ent models for underground structures often are huge in size in
order to include the main features o f the structures and reduce boundary condition effects.
Although com puters with high speed and large memory are readily available, the model
size is still a concern when dealing with coal mine structures. ABAQUS uses a sub-
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model linked with a global model by displacement to reduce the model size for the
analysis o f local response.
In this study, a global model is used to analyze the overall response o f the rock
mass while a sub-model is to analyze the local response around the entry. The size o f
the sub-model is so chosen that it is beyond the influence o f the stress concentration zone
around the entry. Symmetrical models are also used to reduce the model size.
(2) Bedding Plane
The bedding plane can be sim ulated by contact interface in ABAQUS.

The

interaction between two opposite surfaces o f the bedding plane consists o f two
components(Fig.3.4a):

normal force and shear force.

The normal force acts on the

bedding planes when they are in contact with each other. The shear force is the frictional
force created to resist the sliding between the two opposite surfaces o f a bedding plane.
Separation occurs when the normal force becomes zero or tensile and then the constraint
is removed.

Coulomb friction model is used to describe the interaction

between the

opposite surfaces o f a bedding plane (Fig.3.4b). The model characterizes the fnctional
behavior in the bedding planes using a coefficient o f friction, fb. The product fbp. where
p is the norm al force between the two opposite surfaces o f the bedding plane, defines the
limiting fnctional shear stress for the bedding plane. The two opposite surfaces o f the
bedding plane will not slide against each other until the shear force across their interface
equals the limiting frictional shear force, fbp.

P
bedding
planes
P
slide

a. Forces A cting along Bedding Planes

b. Coulom b Friction Model

Fig. 3.4 Interaction Between Bedding Planes
(3) M aterial models
24
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There are many material models available in ABAQUS, among which elasticplastic model is used since it represents the m aterials for coal roof strata to certain extent.

a

e
Fig. 3.5 Stress-strain Curve for Elastic-plastic Material
The stress-strain relationship for the elastic-plastic material in Fig.3.5 shows that
the rock material behaves elastically before yielding and perfectly-plastic after yielding
with M ohr-Coulomb criterion as yielding criterion.
(4) M odeling o f bolt
Tensioned bolt is simulated by a three-dimensional beam with its upper end tied
to the upper end o f a borehole with diam eter o f 1 in. for resin anchor and i — in. for
8
shell anchor and its lower end to the bearing plate which is in contact with the roof
surface by contact interface. Preliminarily, bolt tension is simulated by applying initial
tensile force in the bolt.

3.4 Initial Study
3.4.1 Mechanical Models
Since the initial study focuses on how to model the tensioned bolts installed in
layered roof, a single entry during developm ent and a geological column from the U.S.
Eastern coal field

are used for model testing and basic analysis (Fig.3.6).

A global

model with the dimension o f 200 x 50 x 150 ft is set up to simulate the stress and
displacement field around the entry as shown in Fig.3.7 a. The sub-model is taken from
the central area o f the global model w ith the dim ension o f 40 x 4 x 75 ft as shown in
Fig.3.7 b.
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The rock and bolt mechanical properties used in the modeling are listed in Table
3-1.
The rock strength used in the modeling is one fourth o f the laboratory-determined
uniaxial compressive strength.

The global model is elastic while the sub-m odels are

elastic-plastic. The bolt diameter is 5/8 in. and the dim ension o f the bearing plate is 6 x 6
x Vz in. The bolts o f 5 ft in length are installed as shown in Fig.3.7 b. Ten tons o f tension
is applied to each bolt in this modeling.
Tw o bedding planes are considered in the m odeling with the friction coefficient
between bedding planes o f 0.3 as shown in Fig.3.7b.
Four sub-models from the global model are set up to simulate the bedding plane
and bolt effects. The four models are:
Model 1 -w ithout bedding planes and bolts:
Model 2 -w ithout bedding planes but with bolts:
Model 3 -w ith bedding planes but without bolts:
Model 4 -w ith both bedding planes and bolts.

O verburden d e p th =500 ft

sa n d s to n e = 2 3 ft

d a y s to n e » 7 ft
g r a y s h a le = l 5 ft
silty s h a le - 2 .7 ft
s h a le = 2 ft
coal= 8 5 ft
cla y sto n e = 3 ft

s a n d s to n e = 2 6 ft

Fig. 3.6 Geological Column Used in the Models
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Table 3.1 Rock and Bolt Mechanical Properties Used in the Modeling
Young's
!Vlodulus(x
106 psi)
2.95

Poisson’s
Ratio

Claystone

Strength Used
in
IVlodeling(psi)
3.250

Density
(lb/ft3)

0.1

Uniaxial
Compressive
Strength(psi)
13.000

165

Internal
Friction
Angle(degrees)
30

1.52

0.27

2.400

600

165

28

Shale

0.71

0.34

4.800

1.200

162

24

Crayshale

0.71

0.34

4.800

1.200

162

24

Siltyshale

0.71

0.34

4.800

1.200

162

24

Coal

0.22

0.25

3.600

900

87.6

28

Steel

29

0.3

Rock Type

Sandstone

3.4.2 Simulation Results
(1) Stress Distribution Around the Entry for the Four Models
The four sub-models were run using ABAQUS and the stress distributions around
the entry were obtained for analysis o f the effects o f bedding planes and roof bolting.
Fig. 3.8 shows the vertical stress distribution for the four models. It can be seen
that the installation o f bolts only causes a local change in the vertical stress around the
bolt in that com pressive zones are generated at the two ends o f the bolt. The existence o f
bedding planes has significant effect on the vertical stress distribution over the central
area o f the roof. Because o f the sliding and separation, the vertical stress is alm ost zero
over an arch shaped zone above the center o f the entry, i.e. ro o f layers in this area do not
take load from the overlying strata.
Fig. 3.9 shows the horizontal stress distribution for the four models when the ratio
o f horizontal to vertical stress is one. It is obvious that the horizontal stress with bedding
planes is greatly different from that without bedding planes.

The horizontal stress

redistributed extensively due to sliding along the bedding planes. The whole first layer o f
the roof is subjected to large horizontal stress concentrations although the horizontal
stress near the entry com er is larger. If the first layer is not strong enough, it may result in
shear failure. Again the effect o f ro o f bolting is restricted to around the anchors at both
ends.
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Fig. 3.10 show s the shear stress distribution for the four m odels. The shear stress
around the entry com ers decreases due to sliding in, and separation o f the bedding planes.
This decrease in shear stress reduces the risk o f shear failure around the entry comers.

(2) R oof Deflection
Fig.3.11 show s the roof deflection for the four models. Deflections for model 1
and model2 are alm ost the same, but the ro o f deflections are larger when the effects o f
the bedding planes are considered. The installation o f bolts in model4 reduces some
amount o f ro o f deflection around the entry center by increasing the stiffness o f the bolted
strata.
(3) Failure M odes o f the Bolted R oof
Fig. 3.13 shows the yield zones for different thickness o f the first ro o f layer for
model4 when the ratio o f horizontal to vertical stress is one. W hen there are no bedding
planes in the roof, the yield zone is only developed around the entry com er (Fig. 3.13a).
If there are bedding planes in the roof, the range o f yield zones goes deeper and w ider
depending on the location o f the bedding planes. If the ro o f layer near the entry is thin,
the whole layer yields (Fig. 3 .13b). When the thickness o f the first layer reaches to that
shown in Fig. 3.13d. yielding extends to around the entry com ers and the upper portion o f
the layer. Fig. 3.12 show s the yield zone over the ro o f when the ratio o f horizontal to
vertical stress increases to two and three. The yield zones go deeper and w ider into the
ro o f when the horizontal stress level is larger. From these results, it can be concluded that
the failure zone in the ro o f depends on the locations o f bedding planes, horizontal stress
level and roof strength. It is very important that the possible failure modes for a given
bolted roof strata m ust be known before a proper ro o f bolt design can be made.

(4) Sliding and Separation
Fig. 3.14 show s the bedding plane sliding and separation for model3 and model4.
Sliding occurs along all the bedding planes in the models. Separation occurs only in the
lower bedding plane in model3 whereas only the upper bedding plane shows separation
in model4 because the tensioned bolts have clam ped the low er bedded layers together.
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Fig. 3.13 Yield Zones for Different Thickness o f the First Roof Layer for Model4
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It can be also seen in Fig. 3.14 that sliding extends into the area above the pillar
while bed separation only occurs above the center o f the entry.
separation have negative effect on the ro o f stability.

Both sliding and

Sliding can change the stress

distribution around the entry and reduce the ro o f stiffness. Sliding also causes the roof
layer near the entry to be subjected to more horizontal stress which may result in failure.
When separation occurs in a bedding plane the mechanical interaction between the
opposite sides o f the bedding plane has been lost, and the lower layer needs only to
support its own weight, not the weight o f the overlying layers.

w 4 lD ( iN M lliw )

k . — 4«14 l i n w i v ie w )

Fig. 3.14 Sliding and Separation
Using the sliding criterion in Equation 3-1. the sliding zones under different
overburden depth are defined in Fig. 3.15 and the sliding zones under different horizontal
stress ratio when overburden depth is 500 ft is shown in Fig. 3.16.
If there are bedding planes within the sliding zone, sliding along these planes will
occur. But outside the sliding zone, no sliding will occur even if bedding planes exist. It
is interesting to note that regardless o f the magnitude o f horizontal stress and overburden
depth, the range o f sliding zone is only within about 11 ft above the entry.
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(5) Compressive Zone by Bolt Tension
Fig. 3.17 shows the com pressive stress zones under different pre-tension. N ear
the two ends o f the bolt, there are large compressive stresses, but they decrease rapidly
away from the ends. A small am ount o f compressive stress (about 10 psi) remains to
maintain friction in the bedding planes and add vertical confinement to the bolted strata.
It should be noted that a small tension zone is formed above the top anchor when the pre
tension is applied. It is possible that tension cracks may be generated in this area.
The stress distribution created by the pre-tension o f the bolts does not cover the
whole bolted horizon, there is a triangle zone between adjacent bolts near the roofline
that is beyond the effect by the bolt pre-tension. This area is subjected to shear failure by
horizontal stress if the roof layer near the entry is weak.
4
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Fig. 3.17 Compressive Zones Under Different Pre-tension
(6) Effectiveness o f Tensioned Bolt Support for the Layered R oof
From the above simulation results and analysis, the effect o f the tensioned bolt
support can be analyzed as follows:
W hen an entry is developed, the stress around the entry is redistributed. The bedding
planes causes the horizontal stress to concentrate more in the first layer o f the ro o f and to
form an arched zone over the entry w ith little vertical stress due to sliding and separation
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o f the bedding planes.

A yield zone is developed in the ro o f due to high horizontal

compression but low vertical confinem ent. Because the rock in the yield zone is in its
post failure region, further deflection o f the ro o f will make the ro o f even weaker and easy
to fall. The tensioned bolt is to provide vertical confinement to the yield zone. This
confinem ent has three effects:

to reduce the deflection o f the roof by increasing the

friction in bedding planes; to increase the residual strength o f the failed roof; and to
maintain the horizontal stress in the first layer for the reason that if the horizontal stress in
the first layer decreases by ro o f deflection, the horizontal stress will be transferred to the
upper layer causing more ro o f to fail.
In order to provide a good confinem ent, the bolt should cover the yield zone as far
as possible and an effective connected compressive zone should be formed over the ro o f
by proper pre-tension and bolt spacing. The longer the bolt, the larger the pre-tension
should be applied in order to create an effective compression zone in the ro o f because the
more weight o f the roof needs to be overcom e by the bolt pre-tension. The tensioned
bolts can provide little compression to the triangle zones between two adjacent bolts at
and near the roofline level and the tw o entry com ers no matter how high the pre-tension
is. Therefore, if the first ro o f layer near the entry is weak and the horizontal stress is
large, roof failure in these triangle areas may occur.

3.5 Summary
a. The bedding planes change greatly the stress distribution in the ro o f above the
entry if sliding and/or separation occurs: the vertical stress in an arched zone
above the center o f the entry reduce to very low values; the horizontal stress is
concentrated more in the first layer o f the roof; and the shear stress around the
entry com ers is also reduced.
b. The size o f the yield zone in layered roof above the entry depends on the location
o f the bedding planes, horizontal stress level and roof strength.
c. Sliding in the bedding planes can extend into the area above the pillar but
separation only occurs above the center o f the entry. The height o f sliding zone is
within about 11 ft above the entry.
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d. The compressive stress created by pre-tension decreases rapidly away from the
two ends o f the bolt and only a small amount o f com pressive stress away and
between two anchors remains to maintain the friction in the bedding planes. A
triangle zone between two adjacent bolts near the roofline is beyond the effect o f
the bolt pre-tension and is subjected to shear failure by horizontal stress if the roof
layer near the entry is weak.
e. The effect o f the tensioned bolt is to provide vertical confinement to the yield
zone, which has the following three effects: to reduce the roof deflection by
increasing the friction in bedding planes; to increase the residual strength o f the
failed roof; and to maintain the horizontal stress in the first layer. A safe tensioned
bolt support is to cover the yield zone as far as possible and have a compressive
zone formed over the roof by proper pre-tension and bolt spacing.
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CHAPTER 4
BEDDING PLANE STUDY
4.1 Introduction
A Bedding plane is a w eak interface found between different types o f rock in the
sedim entary strata. It is also found as lamination within the same type o f rock such as
shale.

Since the strata in coal mines are sedim entary rocks, bedding planes are very

common.

Fig. 4.1 shows some bedding planes photographed from core samples taken

from the Pittsburgh seam. By observation, bedding planes are not always smooth.

sandstone

shale

A

Fig. 4.1 Bedding Planes between Different Types of Rocks
Fig.4.2 shows the laminations w ithin shale. The plane o f breakage along the
lam inations in the core sam ples shows that the laminations are mostly smooth. Although
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different bedding planes have different features, they can be characterized in com m on as
having low er shear and tensile strength, and lower cohesion. Since the tensile strength
and cohesion are so small they are negligible.

Therefore, the shear strength o f the

bedding plane, as determined by its coefficient o f friction, is important to determ ine its
behavior.
friction.

The shear strength o f the bedding plane is determined by its coefficient o f
The bedding plane failure is characterized by sliding and separation, which

dram atically changes the stress distribution in the surrounding rock.

Fig. 4.2 Laminations within Shale
Som e bedding planes in the immediate roof in coal mines are easy to slide and
separate due to the stress redistribution caused by excavation. The sliding and separation
o f the bedding plane in turn induces more stress concentration in the immediate roof. As
a result, the existence o f the bedding planes in the immediate ro o f has a large effect on
the roof stability. The bedding planes located near the roofline have more effect on roof
stability than those higher above the roofline. In addition, the sliding and separation o f
the bedding plane is also influenced by the strength sequence o f the strata.

In this

chapter, shear tests were conducted to determine the coefficient o f friction on the bedding
planes. Som e factors such as the bedding plane location, the coefficient o f factio n on the
bedding plane and strata sequence are studied to investigate their effect o f the bedding
planes on ro o f stability so that they can be appropriately considered in the tensioned
bolting design.
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4.2

Test on the Coefficient of Friction o f Bedding Planes
In order to determine the coefficient o f friction o f the bedding planes, the shear

strength o f the bedding planes is tested on four types o f rocks:

sandstone, shale,

mudstone and sandyshale. The shear strength o f the weak plane between the laminations
is also tested.

4.2.1 Specimen Preparation
Specimens were obtained from the core samples from the Pittsburgh seam. All o f
the specimens are 4 in. in height and 2 in. in diameter. Special care was taken to make
sure that the specimens were cut w ithout dam aging the bedding planes.

Most o f the

specimens were ground flat to ensure that the normal pressure applied is uniform on the
bedding planes.

4.2.2. Testing Procedure
To determine the coefficient o f friction along the bedding planes, a load normal to
the shear plane and a shear load parallel to the shear plane are applied until the bedding
plane failure occurs. The coefficient o f friction p. is calculated by:
shear load a t slip
fj = -------- =--------=— =— —
norm al _ load

,,
(4 -1)

To obtain the value o f the shear force at the instant o f slip, the dial gauage was
read until it showed a rapid increase o f the shear displacement. Fig. 4.3 shows the shear
test machine. For each type o f the weak plane, at least 3 specimens were tested.

4.2.3. Test Results
Table 4.1 shows the test results for some bedding plane interfaces.

The

coefficient o f friction obtained ranges from 0.439 to 0.663 on average. It is shown that
the bedding plane with mudstone on one side has a low angle o f friction and the angle o f
friction seems to be high when the rocks on both sides o f the bedding plane are relatively
strong.
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Fig. 4.3 Direct Shear Test Machine
Table 4.1 Bedding Plane Shear Test Results
Test No.

Bedding Plane
Interface

Diameter of

Shear

Normal

Specimen

Pressure

Pressure

Coefficient
of Friction

Friction
Angle

(in.)

(psi)

(psi)

i
2

Shale/mudstone

T

42 53

165.29

0 331

18.3

Shale/mudstone

68 05

165 29

0 530

27 9

3

Shale/mudstone

2
">

34 03

165 29

0 265

148

4

Shale/mudstone

2

85 06

297 52

0368

20 2

5

Shale/mudstone

2

85 06

231 40

0473

25.3

6

Shale/mudstone

2

127.60

297 52

0 552

28.9

7

Shale/mudstone

2

170.13

396.69

0.552

28.9

8

Shale/mudstone

2

68 05

198.34

0 441

23 8

0.439

23.7

9

Shale/sandyshale

212.66

39669

0.690

34 6

Average

(degree)

10

Shale/sandvshale

2
7

51.04

99.17

0 662

33 5

11

Shale/ sandyshale

2

85 06

171 90

0.637

32.5

0.663

33.6

12

Shale/sandstone

2

51 04

112.39

0584

303

13

Shale/sandstone

2

6805

14545

0 602

311

14

Shale/sandstone

2

85 06

158.68

0690

34 6

Shale/shale

2

51 04

99 17

0.625
0.662

32.0

15
16

Shale/shale

2

6805

165 29

0.530

33.5
27.9

17

Shale/shale

2

127.60

297.52

0.552

289

18

Shale/shale

2

170.13

238.01

0.920

42.6

19

Shale/shale

2

102.08

264 46

0497

26.4

Shale/shale

2

93.57

231.40

0.520

27.5

0.613

31.5

Average

Average

20

Average
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Fig. 4.4 shows the shear displacem ent as the shear pressure increases on a
bedding plane between shale and sandyshale. It can be seen that the shear displacem ent
increases with the increase o f the shear force before the bedding plane slides. However,
the shear force decreases slightly after bedding plane sliding. Since the bedding planes
are not smooth, the undulations o f the bedding plane tends to be sheared o ff when sliding
occurs.

250
-testl
200

test2

*5
a
8

test3

3m
m
S.
w
m
1

150

test4

100

.
0
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

Displacement, in.

Fig. 4.4 Shear Pressure vs. Shear Displacement on Bedding Plane
In summary, the behavior o f the bedding plane is determined mainly by friction
and the dilation o f the bedding plane is insignificant as the bedding plane slides. The
coefficient o f friction o f the bedding plane ranges from 0.439 to 0.663 by the lab tests.

4.3 Effect of the Bedding Plane Location on Stress Distribution over the Entry
When an entry is opened, the vertical stress in the roof is concentrated near the
entry com ers over the pillar, but released over the entry. The extent o f the vertical stress
release over the entry has a lot to do with the bedding plane locations. On the other hand,
the horizontal stress is concentrated over the immediate roof.

The horizontal stress

distribution over the immediate roo f is also related to the bedding plane location. The
bedding planes over the immediate ro o f and their location will largely affect the loading
condition o f the immediate roof, thus affecting the support to be installed. Obviously, a
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bedding plane close to the roofline has m ore effect than one high above the roofline. The
details o f the bedding plane effect are analyzed as follows.

4.3.1. Single Bedding Plane
In order to see the bedding plane effect, a single bedding plane over the
immediate ro o f is considered. The m odels with 400 ft overburden depth and horizontalto-vertical stress ratio o f three were run with bedding plane location from 2 ft to 14 ft
above the roofline.
Fig. 4.5 show s the vertical stress distribution over the entry for different bedding
plane locations. It can be seen that the vertical stress reduces to low values over the entry
due to the bedding plane effect. However, the low vertical stress zone over the entry has
to do with the bedding plane location. It is shown that if 50 psi is chosen as a boundary,
the low vertical stress zone is within 8 ft from the roofline when the bedding plane is less
than 5 ft from the roofline. However, it reduces to about 4 ft from the roofline when the
bedding plane is more than 5 ft from the roofline. Therefore, the vertical stress in the
immediate ro o f reduces to low values when there is a bedding plane near the roofline.
This vertical stress release is caused by bedding plane sliding and separation. The low
vertical stress in the immediate ro o f m eans that the ro o f will be easier to yield under
horizontal stress as a result o f lower vertical confinement.
Fig. 4.6 shows the horizontal stress distribution for different bedding plane
locations.

It is shown that the existence o f the bedding plane in the immediate ro o f

causes the horizontal stress to concentrate on the first ro o f layer when the bedding plane
is w ithin 4 ft above the roofline (Fig. 4.6 a, b and c).

However, the horizontal stress is

m ore concentrated on the mid-upper portion o f the first roof layer when the bedding
plane is 5-8 ft above the roofline (Fig. 4.6 d and e). When the bedding plane is more than
8 ft above the roofline. the horizontal stress is almost not affected (Fig. 4.6 f and g).
M oreover, the stress concentration in the immediate roof is largely affected by the
bedding plane location.

It is seen that the stress concentration within 2-3 ft o f the

immediate ro o f decreases from 2200 psi to 1400 psi as the bedding plane locations
changes from 2 ft to 14 ft above the ro o f line.
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Fig. 4.5 Vertical Stress Distribution for Different Bedding Plane Locations
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Since the immediate ro o f is mainly subjected to horizontal load, the bedding plane
location is important in determining the loading condition o f the immediate roof.
Fig. 4.7 shows the shear stress distribution for different bedding plane locations.
It is seen that the bedding plane causes the shear stress to distribute more extensively
over the entry.

But the shear stress zone is reduced as the bedding plane goes higher

above the roofline. When the bedding plane location is larger than 8 ft from the roofline,
there is no effect o f the bedding plane on the shear stress distribution. The shear stress is
reduced along the bedding plane due to the shear sliding, making the shear stress
discontinuous across the bedding plane.
In order to see the details o f the stress concentration in the immediate roof, the
maximum values o f the vertical, horizontal and shear stress together with the average
horizontal stress in the immediate roof are taken from the models with different bedding
plane locations as shown in Table 4.2.

Table 4.2 Stresses vs. Bedding Plane Location
Bedding plane
distance from the
roofline, ft

Max. vertical
stress, psi

Max. shear
stress, psi

2

614

594

2947

2200

3

682

657

2991

2000

4

751

707

2982

1800

5

817

744

2904

1600

8

910

762

2754

1500

10

913

760

2731

1500

14

912

757

2716

1500

Average horizontal stress
Max. horizontal within 3 ft of the immediate
stress, psi
roof

The maximum vertical stress occurs on the entry com ers over the pillar and
increases as the distance o f the bedding plane above the roofline increases. The vertical
stress concentration in the ro o f over the pillar may not affect the ro o f stability if the pillar
is stable under the high vertical load. The maximum shear stress occurs on the entry
com ers, which increases as the bedding plane is located higher above the roofline. The
bedding plane sliding makes the shear stress distribute over a larger area and reduces its
value on the entry com ers. Therefore, if there are no bedding planes in the immediate
roof, the entry com ers are m ore likely to have shear type failures if the immediate roof
has a low er shear strength.

The maximum horizontal stress also occurs on the entry
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comers but decreases as the bedding plane horizon increases.

The average horizontal

stress within 3 ft o f the immediate ro o f decreases with the increase o f the bedding plane
horizon. So if there is a bedding plane less than about 3 ft from the roofline. the first roof
layer will be subjected to large horizontal stress concentration, which can affect the roof
stability.
Fig. 4.8 shows the sliding o f bedding plane under different locations. It can be

a*•

5

bedding plane from roofine: 2 ft
bedding plane from roof ine: 3 ft
bedding plane from roofline: 5 ft
bedding plane from roof ine: 8 ft
bedding plane from roofline: 10 ft
bedding plane from roofline: 14 ft

0.4

»
6

• * -i—
i8

10

i
12
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16

■ i

i

18

20

Distance from the entry center, ft

Fig. 4.8 Sliding o f Bedding Plane under Different Locations
seen that the sliding dramatically decreases as the bedding plane is more than S ft
above the roofline. W hen the bedding plane is more than 8 ft above the roofline. the
sliding becomes very small. That is why a bedding plane close to the roofline has a
larger effect on the stress distribution over the immediate ro o f than those higher above
the roofline.
Fig. 4.9 show s the bolt load changes after installation as the bedding plane
location changes. It can be seen that the bolt load has more changes when the bedding
plane is close to the roofline than when the bedding plane is high above the roofline. The
bolt load has the largest increase when the bedding plane is about 3-4 ft above the
roofline. The change in bolt load is sm aller when the bedding plane is less than 3 ft or
more than 4-5 ft above the roofline. It is also seen that the bolt load change on the side
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bolt has the same trend as on the center bolt, but the center bolt is subjected to more load
than the side bolt.
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Fig. 4.9 Bedding Plane Location vs. Bolt Load Changes
It can be concluded from the above analysis that the bedding plane less than 6 ft
above the roofline has a large effect on the stress distribution over the entry, bolt load and
roof stability, but the effect is small when the bedding plane is more than 8 ft above the
roofline.

4.3.2 Multiple Bedding Planes
To investigate the effect o f the bedding planes located at several horizons on roof
stability, models with tw o and three bedding planes were run. The stress distributions
from the results o f each model were analyzed as the follows:
Fig. 4.10 shows the stress distribution over the entry for the model with two
bedding planes: one is 2 ft and the other is 5 ft above the roofline.
significant vertical stress reduction over the middle o f the entry.

Fig. 4.10(a) shows a
T he height o f the

vertical stress relief zone goes up to 10 ft above the roofline if 50 psi is taken as the
boundary. Compared with Fig.4.5(a) which has one bedding plane, the model with two
bedding planes has a 2 ft increase o f the vertical stress relief zone caused by the second
bedding plane. Fig.4.10(b) shows that the horizontal stress is concentrated in the first
layer o f the immediate roof, w hile the horizontal stress concentration in the second layer
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is much sm aller than the first layer. Compared with Fig.4.6(a) with one bedding plane 2
ft above the roofline, the second bedding plane almost has no effect on changing the
horizontal stress concentration in the first layer.

The shear stress (Fig.4.10(c)) is

concentrated around the entry com er and more extensively distributed over the roof
above the bedding planes.
F ig.4.11 shows the stress distribution over the entry for the model with three
bedding planes. With the increase o f the num ber o f the bedding planes, the vertical stress
relief zone is increased to within 11 ft above the roofline (Fig4.11(a)). The horizontal
stress (F ig.4.11(b)) alm ost has no change on the first roof layer but a little change on the
upper ro o f layers. The shear stress (F ig .4 .11(c)) has a little change due to the addition o f
one more bedding plane.

4J.3 Thinly Laminated Roof
The thinly laminated roof is modeled as multiple bedding planes within one roof
layer. Fig.4.12 shows the stress distribution for the model with a 2-ft thinly laminated
roof layer 3 ft above the roofline. The thickness o f the laminations in the model is 0.5 ft.
The vertical stress (Fig.4.12(a)) shows a stress relief zone which is about 11 ft above the
roofline. The horizontal stress (Fig.4.12(b)) is concentrated in the first ro o f layer but
there is no horizontal stress concentration within the thinly laminated layer. The shear
stress (Fig.4.12(c)) is concentrated on the entry com er, reduced to low values within the
thinly laminated layer, but distributed over the ro o f above the thinly laminated layer.
Because the lamination has the sam e b eh av io r. such as sliding and separation, as bedding
plane, its effect is to reduce the vertical stress and make the horizontal stress concentrated
in the immediate roof. If the thinly laminated layer is not very thick (around 3 ft), it can
be modeled by two bedding planes at the upper and lower boundary o f the laminations.
This is evidenced by comparing Fig.4.12 with Fig.4.11. showing sim ilar stress
distribution.
In summary, the bedding planes make the stress distribution over the entry change
significantly, especially when there is a bedding plane located near the roofline. The
effect o f the bedding plane decreases as they are located higher above the roofline.
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(a) vertical stress

(b) horizontal stress

s
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(c) shear stress

Fig. 4.10 Stress Distribution for the Model with Two Bedding Planes
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Fig. 4.11 Stress Distribution for the Model with Three Bedding Planes
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The bedding plane 2-3 ft above the roofline has the largest effect on the stress
distribution over the entry and the load in the bolt.

From a stress distribution point o f

view, the model with two or three bedding planes can roughly represents the case with
multiple bedding planes. The thinly laminated layer in the roof can be modeled by two
bedding planes located on the lower and upper boundary o f the laminations without
significant change in the stress distribution if the lamination is small.

4.4 Effect of the Coefficient of Friction of the Bedding Plane on the Stress
Distribution over the Entry
The bedding plane sliding occurs when the shear stress along the bedding plane is
larger than the shear strength o f the bedding plane.

Since the shear strength o f the

bedding plane is determined by the coefficient o f friction and the normal stress on the
bedding plane, the coefficient o f friction w ould be expected to have an effect on the stress
distribution over the entry. To test this statement, the coefficient o f friction is increased
from 0.25 to 0.5 for the model with a bedding plane 4 ft above the roofline. The stress
distribution for the model with the coefficient o f friction o f 0.5 is shown in Fig.4.13.
Compared with the stress distributions for the model with the same bedding plane
location in Fig.4.4(c)-4.6(c), the stress distribution does not have any changes as the
coefficient o f friction is increased from 0.25 to 0.5. The reason for this can be inferred as
follows: If a bedding plane is located within the immediate ro o f where the shear stress is
larger than the shear strength, the change o f the coefficient o f the friction o f the bedding
plane does not change the bedding plane behavior as long as the sliding condition is
satisfied. To further verify this conclusion, the models with the bedding plane 5 ft above
the roofline were run when the coefficient o f friction is 0.5 and 0.8. respectively.
Fig.4.14 shows the stress distribution for the model with the coefficient o f friction o f the
bedding plane being 0.5. It has no difference compared with the model with coefficient
o f friction being 0.25 as shown in Fig.4.7-4.8. However, when the coefficient o f friction
o f the bedding plane
shown in Fig.4.I5.

is increased to 0.8, the stress distribution becomes different as
It can be seen that the horizontal stress concentration around the

bedding plane is largely reduced and the shear stress becomes continuous across the
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bedding plane, because the sliding is prevented by high coefficient o f friction for the
bedding plane.
Therefore, the stress distribution over the entry is not sensitive to the coefficient o f
fHction o f the bedding plane if the bedding plane with a reasonable coefficient o f friction
is within 5 ft above the roofline.

However, the stress distribution is affected by the

coefficient o f friction o f the bedding plane i f the bedding plane is 5 ft above the roofline,
depending on the entry geometry and overburden depth.

4.5 Effect of the Strata Strength Sequence on the Stress Distribution over the Entry
The stress distribution over the entry also has to do with the strata strength
sequence, i.e. the strength o f each ro o f layer affects the stress distribution over the entry.
If the first layer o f the roof is weaker than the strata above, the vertical stress would
reduce to low value around the first layer and the separation would occur along the first
bedding plane. However, this does not necessarily happen when the first layer o f the roof
is stronger than the second layer. In this case, second layer could lay on the first layer,
causing the first bedding plane to keep in contact if the plastic deformation o f the first
layer is not large enough.
Fig. 4.16 (a. b) shows the vertical and horizontal stress distribution when the
strength o f the first layer is 1800 psi and the strength o f the second layer is 750 psi. It
can be seen
that the vertical stress is not reduced to low values around the first bedding plane because
the second layer lays on the first layer. Fig. 4.16 (c. d) shows the vertical and horizontal
stress distribution when the strength o f the first layer is 1200 psi and the strength o f the
second layer is 750 psi. It can be seen that the vertical stress is reduced to low values
around the first bedding plane and the pressure applied by the second layer to the first
layer is small.

Hence,

the plastic deform ation o f the immediate roof, w hich is

determ ined by its strength and the horizontal stress level, would largely affect the stress
distribution over the entry and the bedding plane separation in the im mediate ro o f when a
weak layer lays above a strong layer in the im m ediate roof.
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4.6 Summary
1. The bedding plane is a weak interface between different types o f rocks and its
strength is determined by the coefficient o f friction, which ranges from 0.439 to
0.663.
2. A bedding plane close to the roofline has more effect on the stress distribution
over the immediate roof than that high above the roofline. The bedding plane 3-4
ft above the roofline has the largest effect on the stress distribution over the entry
and the load on the bolt
3. From stress distribution point o f view, the models with two o r three bedding
planes can roughly represent all the cases with multiple bedding planes.
4. The stress distribution over the entry is not sensitive to the coefficient o f the
friction o f the bedding plane if the bedding plane is within a certain range above
the roofline. However, the stress distribution is affected by the coefficient o f
friction o f the bedding plane if the bedding plane is beyond a certain range above
the roofline. depending on the entry geometry and overburden depth.
5. The stress distribution over the entry and bedding plane separation is largely
affected by the strata strength sequence and the plastic deformation o f the
immediate roof.
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CHAPTER 5
TENSIOED BOLTING DESIGN USING NUMERICAL MODELING
APPROACH
5.1 Introduction
Tensioned bolt has been used in the U. S. since the introduction o f ro o f bolting in
the 1940*s.

At present, tensioned bolts account for about 20% o f the annual bolt

consumption in U.S. coalmines. Although the consum ption o f tensioned bolts is small in
percentage, it is important to have an appropriate bolting design for a given condition.
Studies have been done on the mechanisms o f tensioned roof bolting and support
design using various approaches such as physical modeling, analytical method, field
measurement, statistical method, and numerical modeling (M ark. 2000; Stankus and
Peng. 1996;

Maleki. 1992; Lang et al., 1979; Panek. 1964).

These studies have all

contributed considerably toward the understanding o f the mechanisms o f the tensioned
bolts including the developm ent o f design formulas.

The main mechanism s o f the

tensioned bolts can be summarized as: 1. suspending the immediate weak ro o f layers
from the upper strong strata; 2. providing vertical confinem ent to the im m ediate roof: 3.
increasing the residual strength o f the roof through compression generated by the pre
tension; and 4. building a strong beam by increasing the friction on the bedding planes.
These mechanisms help to certain extent explain how the tensioned bolts work, but
difficulties exist in incorporating these mechanisms into practical bolting design because
o f the complicated interactions between the bolts and host rock, as well as com plex roof
behavior. As a result, ro o f bolting design is still largely based on practical experience.
The advance o f numerical software makes it possible to model the interaction
between the bolts and roof, the large plastic deformation o f the ro o f strata usually
encountered underground, and the bedding planes which are important in controlling roof
stability. In this chapter. ABAQUS is used to model the tensioned bolt support to the
extent that the excavation sequence, bedding plane and pre-tension are modeled
realistically.

Based on the results o f numerical modeling, the mechanism s o f the

tensioned bolts, potential failure modes o f the bolted strata and considerations in the
design o f tensioned ro o f bolting are analyzed.

Finally, a design approach for the
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tensioned ro o f bolting using the finite element method is proposed and the design
procedure is verified using field cases.
The weak planes in the im m ediate roof near the ro o flin e are important to the roof
stability because their sliding and separation can significantly affect the stress distribution
in the immediate roof.

The analysis o f stress distribution from the previous chapter

shows that a weak plane within about 3 ft o f the immediate ro o f reduces the vertical
stress around the first layer to a very low value but causes the horizontal stress to
concentrate in the first layer. W hen there is no bedding planes in this area the vertical
stress release in the immediate ro o f is much smaller and the horizontal stress is
concentrated on the entry comer.

It is also shown that the influence zones by pre-tension

is within 3 ft o f the immediate roof. Therefore if there exists a bedding plane w ithin 3 ft
o f the immediate roof, the first layer is important to the roof stability and the effect o f
tensioned bolt. If there exist multiple bedding planes within 3 ft o f the immediate roof,
the bedded layers within 3 ft o f the immediate roof will be subjected to the stress
distribution sim ilar to the one as if there only exists the upper bedding plane. In this case,
the first layer means the bedded layers from the roofline to the highest bedding plane
within 3 ft o f the immediate roof. In this chapter the behavior o f the immediate ro o f with
the bedding plane both within 3 ft o f the immediate roof and 3 ft above the ro o f line is
studied in regarding to the ro o f stability and the effect o f the pre-tension. If there are no
bedding planes in the immediate roof, the entry com ers are critical to the roof stability
and they are also analyzed.

5.2 Modeling o f Tensioned Bolts for Entries During Development
5.2.1 Global Model and Submodel
A typical geological colomn in the Pittsburgh seam with overburden depth o f 600
ft

is used to model the effect o f tensioned bolts (Fig. 5.1). The mechanical properties o f

rock, resin grout, and steel used in the model are shown in Table 5.1. In order to sim ulate
the effects o f entry development and longwall mining, the global model consists o f a 3entry system with longwall panels on both sides.
x

12114

x

630 ft with 18 ft w ide entries and 60

The size o f the global model is 1.228
x

120 ft chain pillars. The excavation

sequence in the global model is sim ulated in three steps: solid panel w ithout excavation
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in the 1st step (Fig.5.2a), entries developed and bolts installed with the face 24 ft inby the
bolt location in the 2nd step (Fig.5.2b), and entries fully developed in the 3rd step
(Fig.5.2c). The submodel is used to simulate the details around the entries.

The

submodel for the center entry is taken from the m iddle o f the global model following the
corresponding excavation sequence in the global model (Fig. 5.3).
submodel is 98

x

4

x

The size o f the

75 ft with two bedding planes.

lim estone. 14 It
second bedding plane
davstone. 2

t

gravshal*. 3 t

*1

*2

#3

*4
salty diale. 8

t

trst bedding plane
U ackshale.2 it

r r 4 r 4 f 4
pillar

t y
pillar

coal. 3 it

blackshale. 16 it

Fig. 5.1 Geological Column and Bolt Layout
Table 5.1 Mechanical Properties of Rock, Resin Grout and Bolt
Y oung’s
(Jniaxial
Strength
Poisson's
Rock Type Modulus
C om pressive
Used in
Ratio
(x 106 psi)
Strength (psi) M odels (psi)
Sandstone
Sandyshale
Clavstone
Blackshale
Gravshale
Siltvshale
Coal
Limestone
Resin Grout
Steel

2.950

1.000
0.800
0.300
0.680
0.680
0.360
2.500
0.435
29.000

0.15
0.20
0.27
0.27
0.27
0.27
0.34
0.30
0.25
0.30

13.000
10.000
2.400
3.000
4.800
4.800
3.600
10.000

3.250
2.500
600
750
1.200
12200
900
2.500

Density
(lb/ft3)

Internal
Friction
Angle (°)

167.0
160.0
155.0
150.0
150.0
150.0
87.6
165.0

35
33
28
29
29
29
28
31
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Fig. 5.3 Submodel
5.2.2 Modeling of Bolts
The bolt is modeled by a three-dimensional beam with 1.5 ft long resin anchor on the
upper end and a 6 x 6 x 'A -in bearing plate on the lower end. The resin anchor is tied to
the 1- in borehole so that the anchor and the surrounding rock deform together without
slippage, and the bearing plate is in contact with the roof surface by a contact surface.
The bolts are 8-ft long and %-in in diameter.
The pre-tension is simulated by an assembly load so that the bolt will act like a
fastener. As shown in Fig. 5.4, a pre-tension section is defined on a cross section o f the
bolt and a pre-tension node defined as a reference to adjust the length o f the bolt to
achieve the prescribed amount o f pre-tension. In the subsequent steps during the
modeling process, further change in the length is prevented so that the bolt acts as a
standard, deformable beam responding to th e load by roof displacement. A 10-ton pre
tension is applied during bolt installation.
Since in practice the bolts are installed after the entry is driven forward for a
distance o f 10 to 40 ft from the face, the time lapse between ro o f exposure upon
undermining and bolt installation in the model is important in order to obtain the true
effect o f the tensioned bolts. Fig. 5.5 shows the maximum ro o f displacem ent developed
in the middle o f the entry as the face advances. It is shown that nearly 95% o f the ro o f
deformation have already developed when the bolts are installed 24 ft outby the face. If
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no tim e dependent deformation is involved, only a small amount o f load will be induced
in the bolts by subsequent roof deform ation and the bolt loads will remain constant
during the developm ent stage. In this model, the bolts are installed 24 ft outby the face
to sim ulate the standard 20-ft cut.

Pre-tension section

Fig. 5.4 Pre-tension Section Defined to Apply Active Tension
100

S
2

o

5

10

15
20
25
30
Distance from the Face, ft

35

40

45

Fig. 5.5 Maximum Roof Displacement Developed After Excavation
5JJ

Bedding Plane

Each bedding plane is modeled by a contact surface w ith friction (Zhang and Peng
2001).

71

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

5.2.4 Horizontal Stress
The horizontal stresses are modeled by the initial stresses in ABAQUS ( Zhang and
Peng 2001). The horizontal-to-vertical-stress ratios are 3 and 2.41 across and along the
entry directions, respectively.

5.2.5 Failure Criterion
The M ohr-Coulom b failure criterion is used as the yielding criterion. The model is
assumed to behave elastically before yielding and perfect-plastically after yielding.
Cohesion and internal friction angle are the input parameters for ro o f strength.

5.2.6 Models
Four models as shown in Table 5.2 are run to analyze the effect o f the bedding
planes and pre-tension.

Table 5.2 Factors Considered in the Four Models

5.3

Model No.

Bolt installed

Bedding planes activated

1

No

No

2

Yes

No

3

No

Yes

4

Yes

Yes

Modeling Results for Entries During Development

5.3.1 Vertical Stress Distribution for Four Models
Fig. 5.6 shows the vertical stress distribution around the entry for four models.
The horizontal axis is the distance from the center o f the entry and the vertical axis is the
distance from the roofline.

The vertical stress is shown by contour lines in psi with

positive being compressive and negative tensile.

It is shown that the vertical stress

concentrates around the entry com er and releases around the center o f the entry (Fig. 5.6
a) when there is no bedding planes and bolts installed. If 100 psi is used as a boundary,
the vertical stress released zone only extends to about 1 ft from the ro o f line. Therefore,
substantial vertical stress is still m aintained in the immediate roof.
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a. model 1

b. model 2

c. model 3

d. model 4
Unit: psi

Fig. 5.6 Vertical Stress Distribution over the Entry
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W hen the bolts are installed (Fig. 5.6 b), the overall vertical stress distribution
over the entry is still about the same except the local stress concentration around the two
ends o f bolts caused by pre-tension. When bedding planes exist in the immediate roof,
the vertical stress over the entry is considerably different from that without bedding
planes.

Fig. 5.6 ( c) shows the vertical stress distribution over the entry when two

bedding planes exist in the roof. Although the vertical stress is still concentrated around
the entry com er, it released significantly over the center o f the entry. If 100 psi is used
as a boundary, the vertical stress release zone extends to about 9 ft from the roofline.
much larger than that w ithout bedding planes. As the bolts are installed as shown in Fig.
5.6(d). the vertical stress distribution stays about the same except the local stress
concentration around the two ends o f the bolts by pre-tension.

The vertical stress

concentration zone near the bearing plate is about 2 ft from the roofline. Therefore, the
bedding planes affect the vertical stress over the entry significantly but the bolt pre
tension only has local effect on the vertical stress distribution over the entry.

The

vertical stress release over the entry causes the ro o f to be subjected to low vertical
confinem ent thus reducing the strength o f the im mediate roof. W hen there are bedding
planes in the immediate roof, the significant reduction o f the vertical stress over the entry
would cause the roof to become weaker. The installation o f the tensioned bolts causes
local stress concentration around the bearing plates and increases the vertical
confinem ent to the immediate roof, and consequently the imm ediate roof is strengthened.

53.2 Horizontal Stress Distribution for Four Models
Fig. 5.7 shows the horizontal stress distribution over the entry for four models. It
is shown that the horizontal stress concentrates in the ro o f over the entry with the entry
com er having much more concentration than the ro o f over the center o f the entry when
there are no bedding planes over the entry (Fig. 5.7 a). A fter the bolts are installed, the
horizontal stress distribution over the entry remains about the sam e except small
concentration around the bearing plates (Fig. 5.7 b).

However, the horizontal stress

changes significantly w hen there are bedding planes in the immediate ro o f as shown in
Fig. 5.7 c. The horizontal stress concentrates in the first layer o f the immediate ro o f with
the concentration factor being about 1.5.
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Fig. 5.7 Horizontal Stress Distribution over the Entry
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The installation o f the bolts only changes the horizontal stress distribution around
the bearing plates as shown in Fig. 5.7 d.

5.3.3 Shear Stress Distribution for Four Models
Fig. 5.8 shows the shear stress distribution over the entry for four models. The
shear stress concentrates around the entry com er and decreases to very low values
towards the center o f the entry when there are no bedding planes and bolts installed in the
ro o f (Fig. 5.8 a). When the bolts are installed the shear stress distribution over the entry
only changes around the two ends o f the bolts with the overall shear stress being the same
(Fig. 5.8 b). When there are bedding planes in the immediate roof, the shear stress is
more concentrated around the entry com er and the shear stress is zero towards the center
o f the entry (Fig. 5.8 c). Moreover, the shear stress is not continuous across the bedding
plane due to its sliding along the bedding plane interface. The shear stress extends higher
above the entry and reduces to low values around the center o f the entry due to the
bedding plane sliding and separation. W hen the tensioned bolts are installed, the shear
stress distribution only changes around the two ends o f the bolts (Fig. 5.8 d).

5.3.4 Yield Zone Distribution
Fig. 5.9 shows the plastic strain distribution over the entry for the models with
bedding planes before and after the bolt installation. It can be seen that the yield zone is
developed over the entry up to about 3 ft from the roofline from blackshale into grayshale
before the bolts are installed (Fig. 5.9 a). Because o f the horizontal stress concentration
in the first layer, the plastic strain concentrate on the first roof layer with more plastic
strain around the center o f the entry.

As the yield zone is developed in the ro o f over the

entry, the immediate roof becomes potentially unstable. Since fractures exist in the yield
zone any subsequent roof displacement will m ake the roof even weaker. Therefore, the
bolts should be installed to reduce the yield zone and increase the strength o f the
immediate roof.

The yield zone is reduced w ithin about 3 ft above the roofline and the

magnitude o f the plastic strain is reduced after the bolts are installed (Fig. 5.9 b).

As a

result o f the reduction o f plastic strain over the roof, the ro o f has more strength to take
the horizontal load.
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Fig. 5.9 Yield Zone Distribution over the Entry

5.3.5 Roof Displacement
Fig. 5.10 shows the vertical roof displacement over the entry for the models with
bedding planes before and after the bolt installation. It can be seen that the maximum
vertical displacem ent occurs at the center o f the roof.

Since the ro o f displacement

decreases greatly into the roof above the roofline, it is more important to support the
immediate roof. A fter the bolts are installed, the vertical roof displacement is reduced.
The reduction o f the roof displacement w ould close some fractures in the yield zone and
increases the residual strength o f the im mediate roof.

b. with bolts

a. no bolts
U nit: in

Fig. 5.10 Roof Vertical Displacement
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5.3.6 Bedding Plane Sliding and Separation
Sliding o f the bedding plane will occur when the shear stress on it exceeds its
shear strength, w hereas separation along the bedding plane will occur if the bedding
plane is subjected to tension perpendicular to.

Fig. 5.11 shows the sliding occurring

along the 1st and 2nd bedding planes for model3 and mode!4. After the tensioned bolts
have been installed, the bedding plane sliding is reduced slightly. The sliding at the 1SI
bedding plane (Fig. 5.1 la) is greater than that at the second one (Fig. 5.1 lb), as the first
bedding plane is closer to the entry.
0.5
-»—with bolts
•

no bolts
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-with bolts
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b. sliding on 2nd bedding plane

Fig. 5.11 Bedding Plane Sliding

79

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Fig. 5.12 shows the separation that occurs on the 1st bedding plane for the model 3
and model 4. The maximum separation occurs at the entry center and approaches zero. 4
ft from the center tow ard the pillar. It is shown that the tensioned bolts are able to close
the separation on 1st bedding plane by active pre-tension. Since the second bedding plane
is 14 ft above the roofline, no separation is observed from both model 3 and model 4.
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Fig. 5.12 Separation Along the 1st Bedding Plane
5J.7 Bolt Load
Fig. 5.13 shows the axial bolt load distribution along the side and center bolts for
the model w ithout and with bedding planes, respectively. It can be seen that the load on
the bolts around the entry center is larger than that near the ribs. The reason is that the
ro o f has more deformation in the middle o f the entry.

Thus, more loads are being

developed on the center bolts. The bolt loads are also larger when there are bedding
planes in the bolted horizon because the bedding planes induce more vertical roof
displacement.

5.4 Analysis o f Mechanism of Tensioned Bolt
5.4.1 Summary o f the Stress Distribution around the Entry after Excavation and
Bolt Installation
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Fig. 5.13 Bolt Load Distribution
W hen an entry is developed, the stresses around the entry are redistributed. The
installation o f tensioned bolts causes local stress concentrations around the two ends o f
the bolts (Zhang and Peng. 2001; Asmaa et al.. 2002).

The characteristics o f stress

distribution around the entry can be summarized as follows;
The vertical stress over the entry is reduced to very low values due to bedding
plane sliding and separation.

The pre-tension produces a vertical com pressive zone

within 2-3 ft above the bearing plate. The horizontal stress is concentrated on the first
layer o f the ro o f while the shear stress around the entry com ers.

But the shear stress

distributions across the bedding planes are discontinuous.
Fig. 5.14a shows that small vertical tensile stresses are induced in the first roof
layer by the horizontal stress. After the bolts with 10-ton pre-tension are installed, the
vertical tensile stress changes to compressive stress by the pre-tension (Fig. 5.14b). If the
immediate ro o f is weak and thinly-laminated the vertical tensile stress prior to bolt
installation may cause the immediate ro o f to become unstable.

5.4.2

Effect of Pre-tension
Fig. 5.15 shows the enlarged views o f the stress distributions over the tensioned-

bolted horizon o f the immediate roof. It can be seen that the stress distribution, although

81

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

3

89

*
*
*

%
* 8
05

o 0

2

3

4

Otstanca from m« cam or of s w Roof, ft
a . t e n s t l e s t r e s s in t h e r o o f b e f o r e t h e in s t a ll a t io n o f b o b s

2S

!

*

i

a:

I ■*

M

aI i

a

s *

o

t

'o
o

*

2

3

4

\

5

6

P u tan ca from m« Contor of mo Roof. R
umfc r u
b c o m p r e s s i v e s t r e s s m t h e r o o f s l i e r t h e i n s t a ll a t io n o f b o l t s

Fig. 5.14 Vertical Stress Distribution in First Roof Layer
small, do change with the tensioned bolt installations. The stresses concentrate around
the anchor o f the bolt and the bearing plate, which m eans the major influence zones o f
the tensioned bolts in the im m ediate ro o f are restricted to the area near the ro o f line.
Figs. 5.16 and 5.17 show the vertical stress distributions caused by pre-tension
using the mechanical and resin anchors, respectively. In order to see the details o f the
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Fig. 5.15 Local Effect of the Stress Distribution for the Tensioned Bolts
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stress distributions induced solely by the pre-tension, the effects o f overburden and
horizontal stress are not included.

It can be seen that for both types o f anchors the

compressive zones near the bearing plate is about 2 ft from the ro o f line while the
compressive zones near the top anchor is about half o f that near the bearing plate. A
tensile stress zone is also developed at the upper end of, and above, the anchor. The
compressive and tensile stress zones increase with the increase o f the applied pre-tension.
When the pre-tension is increased from 5-ton to 10-ton the com pressive zones near the
bearing plates are increased from 1.5 ft to 2.5 ft from the ro o f line if 10 psi is used as the
cut-off stress.

It should be pointed out that the compression induced by the pre-tension

near the top anchor is so small as compared to the vertical pressure in this area due purely
to the gravity load that it plays little role in affecting ro o f stability.

The difference

between the mechanical and resin anchors is that the tension zone around the resin anchor
is distributed all along its length, w hile in the mechanical anchor it concentrates on its top
and consequently its magnitude is much larger. If the rock in the anchorage horizon is
not sufficiently strong tension cracks could be generated on the top o f the mechanical
anchor. Fig. 5.18 shows the shear stress distribution along the interface o f a 2-ft resin
anchor subject to different applied pre-tensions. The maxim um shear stress occurs near
the anchor end where the pre-tension is applied and the shear stress reduces rapidly
towards the other end o f the anchor. Most o f the shear stress distributed around the first
1-foot o f the anchor, beyond which the shear stress is very small. Therefore, the resin
anchor should be more than 1-foot long depending on the strength o f the rock in which
the bolts are anchored.
The pre-tension can close a bedding plane separation near the ro o f line.

Fig.

5.19a shows a bedding plane separation located at 1-ft above the ro o f line. When a 5-ton
pre-tension is applied the separation is partially closed (Fig. 5.19b). The separation is
completely closed when a 10-ton pre-tension is applied (Fig. 5.19c).
Closing a separation has a significant impact on ro o f stability. First o f all. closing
a separation m eans the ro o f layers on tw o sides o f the bedding plane are in contact, which
will generate a frictional force to enhance the beam building effect. M ost importantly,
when a separation is closed any subsequent vertical ro o f displacem ent is resisted by the
load which is at least as m uch as the am ount o f pre-tension.
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Fig. 5.18 Shear Stress Distribution along the Interface of a 2-ft Anchor
W hether a separation can be closed or not depends on its location and magnitude, the
horizontal stress level surrounding it. roof strength and applied pre-tension.

The

minimum pre-tension required to close a separation near the ro o f line can be estimated by
a simplified beam model (Fig.5.20). T he first layer o f the immediate ro o f is separated
from the upper ro o f and subjected to both horizontal stress and gravity load, in order to
hold this layer up by pre-tension, the rotation moment by the pre-tension in the counter
clockwise direction should be greater than that by the horizontal stress and gravity load in
the clockwise direction. The following equation was derived to estim ate the minimum
required pre-tension T :
(ai + a->) T > — — h d r + c i h s h r
4 2

(5-1)

where ai - distance from the rib to side b o lt. ft.
- distance from the rib to center bolt, ft,
w —entry width, ft.
h - thickness o f the first layer, ft.
d - rock density, lb/ft3,
r - bolt row spacing, f t
s - ro o f displacem ent at the center o f the entry, ft.
Oh - horizontal stress on the first layer, lbs/ft2.

86

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

s e p a r a t io n

a. bedding plane sep aratio n without bolts

separation
bot with 5t pre-tension
b partially closed bedding plane separation by pre-tension

bot wth 10t pre-tension

bedding plane

c. closed bedding plane separation by pre-tension

Fig. 5.19 Separation Closure by Pre-tension

G

Fig. 5.20 Diagram to Calculate the Minimum Required Pre-tension to Close a
Separation
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Equation 5.1 can be rearranged as:
d + a„s)hr
T > — ---------------a i + °2

(5-2)

Since the maximum ro o f displacem ent and horizontal stress on the first ro o f layer
can be obtained by the results o f modeling, this formula can be used to estim ate the
m inim um required pre-tension to close a separation near the ro o f line.

5.4.3 Analysis of the Mechanism of Tensioned Bolts
A fter an entry is excavated the stresses are redistributed and concentrated around the
entry com ers and first layer o f the ro o f strata. As a result, yielding zones are developed
over the entry depending on rock strength, stress level and number and location o f
bedding planes. Since the vertical stress in the immediate ro o f has been largely released
over the entry, the horizontal and shear stresses are the two factors that affect the
developm ent o f yielding zone, and thus roof stability. The yielding zone is in the post
failure region and its residual strength is dependent on roof displacement and
confinem ent.

The

role o f the bolts is to increase the self-supporting capacity o f the

yielding zone so that the rock in the yielding zone will have the ability to take the load
from, and limit the deform ation, o f the upper strata. Fractures, cracks and separations
may exist in the yielding zone. The residual strength o f the yielding zone depends on the
friction along these failure planes, w hich is determ ined by the contact surface area and
the norm al pressure on the surface. Therefore in order to increase the residual strength o f
the yielding zone, the fractures and separations w ithin it must be made to contact each
other as much as possible.
The tensioned bolts are subjected mainly to axial load.

Fig.5.21 shows the

am ount o f sliding along the bedding plane 3 ft from the ro o f line for side and center bolts
under different roof displacem ents at the center o f the entry.

Obviously, the bedding

plane sliding at the side bolt is larger than that at the center bolt. When the vertical ro o f
displacem ent is larger than 0.75-in, the sliding at the side bolt location is larger than 0.5in, m aking the bolts subject to shear load if the diam eter o f the bolt is larger than 7/8-in in
a 1-3/8-in borehole. However, it should be realized that the center bolts are already in the
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Fig. 5.21 Roof Displacement vs. Sliding of the Bedding Plane at the Bolt
yielding state after 0.75-in o f vertical ro o f displacement. Since the tensioned bolts are
designed not to go to the yielding state, the amount o f bedding plane sliding induced
through vertical displacement alone is too small for the bolts to be subjected to the shear
load.

The vertical confinement provided by the tensioned bolts is the result o f the

suspension effect. However, the bolts not only suspend the gravity load but also those
caused by rock expansion and bending o f the roof layers under the horizontal stress. Fig.
5.22 shows the increased load in the center bolt after the entry is fully developed under
different horizontal stress levels.

Apparently, the load developed in the bolts after

installation is largely controlled by the horizontal stress. This is evident in the findings
by Signer et al.. (1993) that the m easured loads on the roof bolts are often twice as much
as that predicted by the dead weight load.
The tensioned bolts provide com pressive zones in the immediate roof within 2 ft
o f the ro o f line. These vertical com pressive zones can generate frictional forces along the
fractures and bedding planes near the bearing plates providing shear resistance for the
rock in this area. This effect can be called beam building, but it is only in effect within
about 2 ft o f the immediate roof. A lthough the vertical com pression near the bearing
plate is very small this low confining pressure can generate significant friction according
to the findings by Barton (1973) that the friction angle along the joints increases up to 70°
when the normal pressure on the jo in ts is very small.
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The compression by the pre-tension also increases greatly the residual strength o f
the rock in the compressive zone. Gale (1986) showed that the confining pressure can
increase the residual strength o f the failed rock markedly, up to 20-30 times o f the
average confining pressure.
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Fig. 5.22 Effect of Horizontal Stress on Bolt Load
The pre-tension can close the cracks and separations in the immediate roof, which
not only increases the strength o f the affected ro o f layers but also the stiffness o f the
whole bolted strata because any subsequent vertical displacement in the bolted strata is
resisted by at least the same amount o f load as the pre-tension.
Bolt load is generated mainly by the vertical ro o f displacement which in turn is
caused mainly by the horizontal stress or other time-dependent loading. The load in the
bolted strata is transferred from a weak layer to a strong layer through ro o f displacement.
If the weak ro o f layer is immediately above the strong layer, it tends to have more
deformation and transfers its horizontal load to the lower layer by applying vertical
pressure on it and taking less o f the horizontal stress, i.e. the lower layer will take more o f
the horizontal stress. On the other hand, if the weak layer is immediately below the
strong layer, it tends to separate from the upper layer and leaves the upper layer to take
more o f the horizontal stress. All the roof layers in the bolted strata interact each other so
that finally the load is transferred from the first ro o f layer to the bearing plate which in
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turn transfers it to the top anchor through the steel rod. Because all the bolt loads are
taken by the bolt anchors, it is important to anchor the bolts in a stable roof layer.
In summary, the tensioned bolts support the bolted strata by reinforcing the 2-3 ft
o f the immediate weak roof and provide a high resistance to subsequent ro o f
displacement through the pre-tension.

5.5 Failure Analysis for Tensioned Bolted Strata and Design Considerations
5.5.1 Failure IVIodes from Field Observation
Several schemes o f classifying mine ro o f have been attempted for predicting the
occurrence o f ro o f falls. Hylbert (1978) proposed a classification o f roof falls based on
the structural and compositional character o f the roof at a mine in eastern Kentucky. This
classification proved useful in predicting trends o f roof condition as an aid in anticipating
problem areas in advance o f mining. Patrick and Aughenbaugh (1979) classified the ro o f
falls into four types according to the geom etry o f the falls. The categories are dom e type
fall, arch type fall, minor type fall, sloughing. This sim plified scheme was intended to
expedite the reporting o f roof falls and to serve as a first step toward developing a m eans
o f predicting the occurrence and extent o f future falls.

M oebs and Stateham (1986)

attributed roof falls to either high stress o r to geologic defects in the im m ediate roof.
This classification was intended to find appropriate means to prevent the occurrence o f
the failure.
However, to do the tensioned bolting design using numerical modeling, classified
failure modes should not only represent the possible failures observed in the field but also
can be predicted by the model.
From field observation, the failure modes o f the bolted strata can be classified into
three groups according to the location and extent o f the failure: failure between the bolts
(Figs. 5.23 and 5.24), failure around the entry comers (Fig. 5.25). and failure in the w hole
bolted strata (Figs. 5.26).
However, according to the causes and m echanisms o f failures, the m odes o f
failures can further be classified into four groups:

skin failure (Fig. 5.23), buckling

failure (Fig. 5.24). shear failure (Fig. 5.25), and cutter ro o f failure (Fig. 5.26). These
failure modes can be summarized as shown in Fig. 5.27 and described in the follow ing
sections.
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Fig. 5.23 Skin Failure

Fig. 5.24 Buckling Failure
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Fig. 5.25 Shear Failure

Fig. 5.26 Cutter Roof Failure
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Fig. 5.27 Potential Failure Modes o f Bolted Roof
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5.5.2 Skin Failure
The tensioned bolts produce com pressive zones near the bearing plate but triangular
zones between the bolts and between side bolts and entry com ers are not compressed
(Zhang and Peng, 2001). If the immediate ro o f is very weak, the skin failure in these
uncompressed areas may occur due to horizontal compression and/or weathering (Fig.
5.27a). In this case, the tensioned bolts should be used in conjunction with straps or wire
meshes.

5.53 Buckling Failure
The buckling failure occurs when the roof layers lose stability (Fig. 5.27b). It is
caused by horizontal compression and is likely to occur between bolts around the middle
o f the entry when the immediate ro o f is thinly laminated. It can be analyzed by taking
the laminations in the immediate ro o f as beams. The criterion for buckling failure can be
derived as:

where a h - horizontal stress in the immediate roof, psi
E - Y oung's modulus o f the imm ediate roof, psi
fofji
J - M oment o f inertia o f the lamination beam. J = ----- where b is the width and
12

h is the thickness o f lamination, in.
r - M aximum bolt spacing across the entry, in.
Equation 5-3 can be rearranged as

(5-4)

Fig. 5.28 shows the thickness o f laminations below which it would cause the
buckling failure under different horizontal stress levels and bolt spacing. It can be seen
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that the range o f the thickness o f laminations causing the bucking failure decreases with
the reduction o f bolt spacing.
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Fig. 5.28 Buckling Failure Criterion for Laminated Immediate Roof
5.5.4 Shear Failure
If the whole bolted strata are weak, it is likely to be sheared o ff along both ribs
and fall down (Fig. 5.27c). In this case, the tensioned bolts should be designed to suspend
the gravity load o f the bolted strata.

5.5.5 Cutter Roof Failure
As both the shear stress and horizontal stresses are concentrated around the entry
com ers and shear sliding along bedding planes or laminations occurs above the entry
com ers, m ost ro o f failures in coal mines are cutter ro o f failure initiated at the entry
com ers (Fig. 5.27d). Fig. 5.29 shows the stress state around the entry comers. The entry
com er is subjected to both the shear and horizontal stresses. The angle between the
horizontal axis and m ajor principal stress is:

I
Ttvjnax
6 ——arctan —----------------------

,-

(5-5)

where 0 - angle between the horizontal axis and major principal stress, degree;
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ixy. max - maximum shear stress at the entry com er, psi;
<Tx. max - maximum horizontal stress across the entry at the entry comer, psi.

Fig. 5.29 Entry Corner Failure
According to the Mohr Coulom b failure criterion, the failure angle between the
major principal stress and the possible failure plane is:

where <|>is the internal frictional angle.
Therefore, the failure angle between the roof line and potential failure plane is:

1 arc *tan
. —rt + ----'tK <j>
a = —
•>

(5-7)

A ccording to this equation, the failure angle will develop, due to both shear and
horizontal stresses, towards the center o f the entry following approximately the
magnitude defined by Eq.5-7. In this case, the bolt should be designed to extend beyond
the failure plane to limit the roof displacement in case the failure occurs.

5.6 Proposed Design Procedure for Tensioned Bolting
Based on the above analysis, a new design approach is proposed for the tensioned
ro o f bolting design using ABAQUS. The procedures are:
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5.6.1 Determination o f Bolt Length and Minimum Required Pre-tension by Running
the Model Without Bolts
The first step is to determine the bolt length and minimum required pre-tension.
By running the model without bolts, yielding zones and maximum ro o f displacem ent are
obtained. The maximum height o f the yielding zone is used to determ ine the bolt length
which is the height o f the yielding zone plus anchor length. The m inimum required pre
tension is estimated by Equation 5.2 using the ro o f displacement and horizontal stress in
the first ro o f layer obtained from the results o f modeling.

If the thickness o f the first

ro o f layer is larger than 3 ft, 3-ft is used to estimate the minimum pre-tension, because
the influence zone o f pre-tension commonly applied is less than 3-ft above the roof line.
The bolt length is determined such that its anchor is located in an area w here the
ro o f strata are stable.

The shear strength o f rock in the anchorage horizon should be

larger than the maximum shear stress around the anchor. The tensile strength o f the rock
in the top anchorage horizon should be larger than the m aximum tensile stress around the
anchor so that tension cracks around the top anchor would not occur.

5.6.2 Determination o f the Optimum Pre-tension by Running the Model with Bolts
The second step is to run the model with standard layout o f bolts and the
estimated pre-tension obtained in step I to check if any separations within 3 ft o f the
immediate roof are closed.

This can be achieved by checking if there is a normal

pressure on the bedding planes. If not. a new pre-tension with 2-ton increment will be
used to run the model with bolts again. This process is repeated until the bed separations
are closed.

The final pre-tension is the optim um pre-tension that will be used in the

design. If the bedding plane is 3 ft above the ro o f line o r no bedding planes over the
bolted horizon, the pre-tension should produce a 2-ft compressive zone above the bearing
plate.

5.63 Determination o f Bolt Density by Bolt Loads
The load in the bolts obtained from the model can be used to determ ine the bolt
density.

The load in the bolts is the com bined result o f the pre-tension and ro o f

deformation, which is related to ro o f strength and horizontal stress level.

Since the
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tensioned bolts are designed to work within its capacity, the designed bolt load should not
exceed 75% o f its capacity.

If the designed bolt load is beyond this limit, the bolt

density should be increased to reduce the load in the bolts.

5.6.4 Prediction of the Potential Failure Modes and Adjust the Bolt Spacing to
Prevent Failures
The shape o f the yielding zone and plastic strain pattern above the entry are used to
predict the potential failure modes. Fig. 30 shows the plastic strain pattern for the four
failure modes. I f the yielding zone develops over the entry with the plastic strain around
the center o f the entry larger than that at the entry com er, the potential failure could occur
around the center o f the roof and the failure mode could be I or II, depending on the roof
geology. If the yielding zone develops over the entry and toward the entry com er, the
potential failure could be shear failure o r cutter roof failure, depending on the roof
strength. If the yielding zone develops only around the entry com er, the potential failure
could be cutter ro o f failure. For the first failure mode, straps or wire meshes are used in
conjunction with bolts. For the 2nd failure mode. Eq. 5-4 is used to check if the buckling
failure is possible.

For the 3rd failure mode, the numbers o f bolts are checked to see if

they are sufficient to take the dead weight load. For the 4th failure mode, the side bolts
should be adjusted to extend beyond the failure zone.

5.7 Verification of Proposed Design Procedure
5.7.1 Introduction
In designing underground supports in coal mines, numerical modeling methods
have been widely used to obtain the stress distribution and deformation around entries
with which the entry stability are analyzed and desired supports are recommended. The
advantage o f the numerical method lies in its capability o f handling complicated
problems and easiness o f doing experimental analysis by changing the input parameters.
However, the results from numerical modeling are usually not in com plete
agreement w ith the field measurements due to the uncertainty o f the material properties,
geological conditions, and the imperfectness o f the model. The gaps between m odeling
and field m easurem ents can be narrowed down by calibrating the model with field cases.
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Fig. 5.30 Plastic Strain and Failure Modes
Calibration helps adjust the input parameters to the model and make appropriate
use o f the information the model can provide. Since instrumentation in underground coal
m ines is costly, good field data are not easy to obtain. Therefore, the data obtained from
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those rare cases that were well instrumented are invaluable for calibration and
verification o f numerical models.
In this study, a field case with well-instrum ented sites was used to validate the
newly-developed 3-D tensioned bolting design model using finite elem ent method. The
instrumentation data from an entry intersection were used to compare the difference
between the results o f modeling and field measurements. Finally, how the model can be
used to do the tensioned bolting design is given.

5.7.2 Test Site Description
The instrumentation results obtained by Hanna et ai.. (Hanna, et al. 1991) in a
shallow underground coal mine in central Illinois were used for this study.

A wide

variety o f instruments and measurement techniques including hydraulic borehole pressure
cells, multiple-point borehole extensometers. ro o f bolt compression pads, and borehole
overcoring were employed to monitor ro o f stresses, pillar loading, strata movement and
bolt loading before, during, and after intersection development.

1

_3_

j

[13

Fig. 531 Test Site Location and Development Sequence
The room-and-pillar mining method was used to mine a flat-lying 7-ft-thick seam at
an overburden depth o f 360 ft. The entries were 7 ft high by 20 ft w ide, separated by 50
by 60 ft rectangular pillars.

Fig. 31 shows the plan view o f the face layout during
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developm ent and the test site location. The test intersection was located in entry 2 o f the
eight-entry main being driven to the north. Because the objective was to investigate the
stability o f four-way intersections, the staggered pillar plan was modified to provide a
four-way intersection for testing.

As shown in Fig. 5.31, the numbers 1 through 35

indicate the sequence o f mining in and around the intersection. Cuts 1 through 5 were
completed in one week, and mine development at the test site was postponed for two
weeks w hile most o f the instruments were installed. A fter installation, cuts 6 through 35
took 6 days to complete and the remaining instruments w ere installed. The primary ro o f
support at the instrument test site was 4 ft long mechanical anchor bolts, which had a 6ton pre-tension applied.
The geological column o f the test site is shown in Fig. 5.32. The immediate ro o f
consisted o f predominantly black shale which was about 2 ft thick with poorly developed
joints. The roof above the shale was composed o f light-gray, massive, compact limestone

s i l t s t o n a 4 .2 f t
s a n d s t a n a 6 .6 f t
*BE

m

lim e y s h a l a 1 .5 f t

l i m e s t o n a 6 .5 f t
b la c k s h a la 2 f t
co al 7 ft
m u d s to n a 4 f t
li m e s t o n e

Fig. 532 Geological Column at Test Site (modified from Hanna et al.,1991)
with light and dark banding. In all core holes, the limestone was interbedded with dark
limey shale. The limestone ro o f was 6.5 ft thick and was overlain by a gray limey black
shale 1.5 ft thick. Sandstone was present above the limey shale.
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There w ere four slip zones around the test area

with one m ajor slip across the

intersection as shown in Fig. 5.33. They affected the behavior o f the ro o f strata above the
instrumented intersection.

f

Fig. 5.33 Location of Slip Zones at Test Site (modified from Hanna et al., 1991)
The test site was used to validate a newly developed 3-D tensioned bolting design
model using ABAQUS. In order to model the room-and-pillar mining system, as well
as excavation sequence and bolt installation procedure, both global and submodel were
used. The global model consisted o f four entries simulating room -and-pillar mining as
shown in Fig. 5.34. The dimension o f the global model was 460'
global model used three steps to simulate the excavation sequence.

x

430'

x

180'. The

In the 1st step the

model was solid, i.e. before excavation begins. In the 2nd step cut 1 through 5 was made
while in the 3rd step cuts 6 through 35 w ere made. The submodel w as taken from the
global model with one fourth o f the cross-section included as shown in Fig. 5.35. The
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Table 5.3 Mechanical properties used in the model
R ock T ype

Y o u n g 's
M o d u lu s
( 1 0 6 p s i)

P o is s o n 's
R a tio

U n ia x ia l
C o m p r e s s iv e
S tr e n g th ( p s i)

S tr e n g th
U s e d in
M o d e ls ( p s i)

D e n s ity
(lb /ft3 )

I n te r n a l F ric tio n
A n g le ( ’ )

S a n d s to n e
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size o f the submodel was 30' x 20' x 86' and two bedding planes were considered. One
bedding plane w as 2 ft from the roofline between the blackshale and limestone and the
other 8.5 ft from the roofline between limestone and limey shale. Tw elve tensioned
bolts were installed

in the ro o f as shown in Fig. 5.36.

In the submodel, the bolt

installation procedure was simulated by taking the boundary condition from the
corresponding steps in the global model. Bolts were installed in the second step when the
cuts from 1 through 5 were made so that bolt loads would be increased in the third step
when the cuts from 6 through 35 w ere made.

In addition, m easured insitu horizontal

stresses, which are 1207 psi in N 65° E and 686 psi in N 25° W, w ere applied in both the
global model and submodel as initial stresses. Each bedding plane was modeled by a
contact surface with friction (Zhang and Peng, 2001).
The bolt was modeled physically by a three-dimensional beam with 6-in
mechanical anchor on the upper end and a 6 x 6 x V4 -in bearing plate on the lower end.
The mechanical anchor w as tied to the 1-3/8- in borehole so that the anchor and the
surrounding rock deform together without slippage, and the bearing plate was in contact
with the roof surface by a contact surface. The bolts were 4-ft long and %-in in diameter.
The pre-tension was simulated by an assembly load so that the bolt will act like a
fastener. A pre-tension section was defined on a cross section o f the bolt and a pre
tension node was defined as a reference to adjust the length o f the bolt to achieve the
prescribed am ount o f pre-tension. In the subsequent steps during the modeling process,
the bolt length w as fixed so that the bolt acted as a standard, deform able beam responding
to the load created by ro o f displacem ent. In this study, a 6-ton pre-tension was applied
during bolt installation.
The M ohr-Coulomb failure criterion was used as the yielding criterion. The
model was assumed to behave elastically before yielding and perfect-plastically after
yielding. Cohesion and internal friction angle are the input param eters for rock strength.
The rock properties used in the model is shown in Table 5.3.

5.73 Comparison of Results Between Modeling and Field Measurements
5.73.1 Stress in the Pillar
The vertical stresses in the pillars w ere monitored using BPC before and after
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intersection widening, i.e. before and after cuts #6 - #35 were m ade (see Fig. 5.31). The
absolute vertical stresses in the pillar before widening is shown in Fig. 5.37 and the
absolute vertical stresses in the pillar after widening is shown in Fig.5.38.
that the vertical stress in the pillar from the modeling

It can be seen

agrees well with the field

measurement except the vertical stress in the pillar from the m odeling before intersection
widening is slightly lower than that from field measurements.

5.7.3.2 Roof Horizontal Stress
Horizontal stress measurements were obtained at various horizons from 0 to 11 ft
above the roofline. The horizontal stress determined by the borehole deformation gauge
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is used to compare with the horizontal stress from the modeling. The mean o f the two
components o f the horizontal stresses is used for com parison since this value is
independent o f the orientation o f the principal stress axes. Fig. 5.39 shows the average
horizontal roof stress near the entries at different horizons

from both modeling and

measurement. The horizontal stress from the modeling is close to the field measurements
when the location is less than 6 ft from the roofline but it is less than the measurement on
average when the location is 6 ft above the roofline.

The high horizontal stress

concentration could be due to the sliding o f the slips around the intersection, which is not
simulated in the model. It should also be noted that the ro o f bolts employed were only 4ft long and the measured and predicted stresses match well within this range o f interest.
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Fig. 5.39 Horizontal Roof Stress
5 .7 3 3 Roof Bolt Loading
The bolt load changes were monitored as the intersection was widened for a period
o f time. Fig. 5.40 shows the m easured ro o f bolt load changes available shortly (24 days)
after widening (Hanna, et al, 1991). Notice that the bolt loads concentrated more on one
com er o f the intersection due to the effect o f the slips.
Since the com er around the pillar A was farthest from , and subjected to the least
influence by. the slips, the subm odel, which consisted o f a quadrant o f the intersection,
was chosen from this area to obtain the bolt load changes.

Fig.5.41 shows the load

changes for the bolts around pillar A from both the m odeling and field m easurements 24
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days after the intersection widening. The bolt locations in the m odel is not exactly the
same as those in the field, but the num ber o f bolts installed are the same.

The

measurements showed that the bolt loads at the center o f the intersection were larger and
those around the entry w ere much larger than those around the crosscut.

Har i rontal I'.ress

Fig. 5.40 Measured Roof Bolt Load Changes 24 Days after Widening
(Hanna, et al, 1991)
The larger bolt loads around the entry area were attributable to both the existence
o f slips and m ajor horizontal stress. The predicted load by the model is also the highest
around the center o f the intersection and larger around the entry than around the crosscut
because the entry direction is almost perpendicular to the major horizontal stress. The
predicted loads by the model are close to those by field m easurem ents around the center
o f the intersection and crosscut but lower around the entry. This difference could be
caused by the slip near the pillar D and the slip across the pillar A.

5.7J.4 Roof Displacement and Bed Separation
R oof displacem ent and bed separation were monitored by extensometers. Analysis o f the
data was based on the assumption that the top anchor rem ains in a fixed position over
time.

M ovements o f the other anchors, including the ro o f surface, were calculated

relative to the position o f the top anchor. A t each station, the data w ere used to calculate
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the downward movement o f each anchor and the change in distance between anchors.
The change in distance between anchors corresponds to the opening and closing o f bed
separations that occur between the anchors. Fig. 5.42 shows the extensometer locations
around the intersection.
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Fig. 5.43 shows the displacem ent o f the ro o f line at the locations shown in
Fig.5.42 from the modeling and field measurements 6 days after the widening. It can be
seen that the measured roof line displacements were close to those from the modeling
except at extensom eter Nos 1 ,5. 11 and 12 that were close to the slips. It can be
concluded that the model can predict ro o f displacement fairly well when the effects o f
geological anomalies such as slips are excluded.
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-* roof displacement from modeling
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Fig. 5.43 Roof Line Displacement
Fig. 5.44 shows the downward movements o f each anchor for three extensometer
stations at points 7. 8 and 9 shown in Fig. 5.42. which are away from the influence o f the
slips. The four anchor locations are at the depth o f 0. 1.5. 2.7 and 4.5 ft. respectively.
The extensom eter data in Fig.5.45 w ere chosen from 6 days after widening when cut
sequence #6-#35 were complete. It is shown that there was no separation between 1.5 ft
and 2.7 ft at extensom eter 7 and 8 and that there was a differential displacement o f 0.03
in. at extensom eter 9 between 1.5 ft

and

2.7 ft. which could be caused either byplastic

deformation or bed separation. Therefore it may be concluded that no separations or only
extremely small separations exist between ro o f surface and 2.7 ft horizon, especially at
the interface o f shale and lim estone at 2 ft horizon.
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The results from the m odeling shows that there was a separation along the
bedding plane 2 ft above the roofline before roof bolts w ere installed (Fig. 5.45). The
separation at the center o f the intersection was about twice as much as that at the center
o f the entry.

But the separation w as closed after installation o f bolts with 6-ton pre

tension as shown in Fig. 5.46. Therefore, the model can predict closure o f separation in
the immediate ro o f resulting from bolt installation.

S.7.3.5 Roof Yielding
The extensom eter data at the locations 7, 8 and 9 show that there were relatively
large displacements six days after w idening between ro o f surface and 1.5 ft horizon while
the displacements at 2.7 ft horizon w ere zero or very small (see Fig.5.44), which showed
the depth o f ro o f yielding was about 2 ft. The results from the model also show that the
yielding zone is within 2 ft from the roofline. Therefore, the yielding zone obtained from
the model could be used to estim ate the ro o f yielding in the field.
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Fig. 5.44 Measured Roof Displacement at Different Horizons
5.7.4 Tensioned Bolting Design
This case study has dem onstrated that the modeling results matches fairly well
with the field measurements shortly after the intersection widening, from which the
procedure for the design o f tensioned ro o f bolting can be developed as follows: First o f
all. the bolt length can be determ ined by the depth o f the yielding zone obtained from the
model. The designed bolt length is th e depth o f the yielding zone plus the anchor length.
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Fig. 5.45 Bedding Plane Separation before Bolt Installation

.ep a rafto ri c lo s e ts By o -to n o r e - t e n s o n

Fig. 5.46 Closure of Bedding Plane Separation by Tensioned Bolts
Secondly, the optim um pre-tension is another important param eter for tensioned
bolting design which can be obtained from the model. The study by Zhang and Peng,
2002 showed that the tensioned bolts are to reinforce 2-3 ft o f the immediate roof and
suspend the bolted strata to the upper stable ro o f and therefore the beam building effect
o f the tensioned bolts is within 2-3 ft o f the immediate roof. Consequently, the optimum
pre-tension required should be that w hich will close the separations within 2-3 ft of, and
provide a com pressive zone, in the im m ediate roof. To obtain the optim um pre-tension,
113
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the model can be run with incremental pre-tension until the separations in the immediate
roof are closed. The tensioned bolts are effective for the layered immediate roof. If there
is no bedding plane in the immediate roof, the tensioned bolts should provide a
compressive zone, about 2 ft deep, in the immediate roof.
Thirdly, the load in the bolts obtained from the model can also be used for the
tensioned bolting design. The load in the bolts is the combined result o f the pre-tension
and roof deformation, which is related to ro o f strength and horizontal stress level. Since
the tensioned bolts are designed to work w ithin its capacity, the designed bolt load should
not exceed 75% o f its capacity.

If the designed bolt load is beyond this limit, the bolt

density should be increased to reduce the load in the bolts.
In this case study, the yielding zone in the ro o f was 2 ft deep, a 6-ton pre-tension
could close a separation in the immediate ro o f and the loads in the bolts from the model
are not too large. So the roof bolting design was appropriate based on the modeling.
From the field measurements, the intersection supported with 4 ft tensioned bolts with a
6-ton pre-tension was stable except a small ro o f fall near a slip.

5.8 Summary
A finite elem ent model using ABAQUS has been developed for the tensioned
bolting design.

In this model, the physical process o f the tensioned bolting including

entry excavation sequence, ro o f bolting components, bolt installation procedure and pre
tension are modeled realistically.

In addition, bedding planes and in-situ horizontal

stresses are also considered in the model.
The effect o f the pre-tension is to reinforce the first 2-3 ft o f the immediate roof.
The mechanism o f the tensioned bolts is that the tensioned bolts support the bolted strata
by reinforcing the first 2-3 ft o f the immediate weak roof and provide a high resistance to
subsequent ro o f displacement through the pre-tension.
The failures o f tensioned bolted strata are classified into four groups according to
the causes and mechanisms o f the failures. The strategies o f support using the tensioned
bolts for each types o f failure are given.
A new design approach is proposed for the tensioned bolting design using
ABAQUS. The procedures have four steps: the first step is to determine the bolt length
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and the required minimum pre-tension by running the model w ithout bolts: the second
step is to determ ine the optimum pre-tension by running the model with the standard
layout o f bolts: the third step is to determ ine the bolt density by bolt loads: the fourth
step is the adjust the bolt spacing by preventing the potential failure modes.
An instrumented field case was used to compare the results from the modeling
and field measurements. Basically, the results from the modeling agree fairly well with
the field measurements.
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CHAPTER 6
ANALYSIS OF SOME FACTORS FOR TENSIONED BOLTING
6.1 Introduction
Tensioned bolts are effective for certain types o f ro o f strata, especially w hen the
immediate ro o f is weak, horizontal stress level is low and there are bedding planes within
2-3 ft o f the immediate roof.

A proper bolting design m ust consider many factors,

including rock types and strength in the im mediate roof, entry geom etry, in-situ
horizontal stress, overburden depth and longwall mining.

In addition, special design

considerations should be given for entry/crosscut intersections.

In using the new-

developed model to do the design, all o f the above factors can be incorporated in the
model. Thereafter, the results from the model are used to do the design. In this chapter,
factors such as in-situ horizontal stress, overburden depth, longwall mining and four-way
and three-way intersections are analyzed using the results from the modeling to provide
some ideas o f how these factors affect the roof stability and tensioned bolting.

This

chapter also provides a basis for som e design guidelines to be discussed in the next
chapter and developm ent o f a com puter program for the tensioned roof bolting design.

6.2 In-situ Horizontal Stresses
In order to see the effect o f in-situ horizontal stress on tensioned bolting, three
models w ith overburden depth 800 ft and horizontal-to-vertical stress ratio 1. 2. 3.
respectively, across the entry were run. The vertical stress, horizontal stress, shear stress,
roof displacem ent, plastic strain, bedding plane closure and bolt loads are analyzed.

6.2.1 Vertical Stress
Fig. 6.1 shows the vertical stress distribution over the entry when the overburden
depth is 800 ft and the horizontal-to-vertical stress ratios are 1. 2. and 3. respectively. It
is shown that the overall vertical stress distributions over the entry for three horizontal-tovertical stress ratios are alm ost the same. Although the vertical stress over the center o f
the entry is affected by the in-situ horizontal stress, the effect is very small.
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6.2.2 Horizontal Stress
Fig. 6.2 shows the horizontal stress distribution over the entry when the
overburden depth is 800 ft and the horizontal-to-vertical stress ratios are 1. 2. and 3.
respectively. It is shown that the horizontal stress concentrates on the first layer o f the
immediate roof for all o f the three cases. When the horizontal-to-vertical stress ratio is
one. the average horizontal stress in the first layer o f the immediate ro o f is 1400 psi with
a little more concentration around the entry com er and the bearing plate, and the
horizontal stress over the entry above the first layer is about 800 psi. which is the in-situ
horizontal stress (Fig. 6.2 a). As the horizontal-to-vertical stress ratio increases from one
to two and three, the average horizontal stress in the first layer increases to 2800 psi and
4400 psi. respectively (Fig. 6.2 b. c).

It is important to note that the horizontal stress

concentration factor in the first layer o f the im mediate roof in all o f three cases is about
1.6.

The horizontal stress level in the immediate ro o f determines, to a large extent, the

stability o f the roof.

6.2.3 Shear Stress
Fig. 6.3 shows the shear stress distribution over the entry when the overburden
depth is 800 ft and the horizontal-to-vertical stress ratios are 1. 2. and 3. respectively. It
is shown that the overall shear stress distributions over the entry are almost the same for
all three horizontal-to-vertical stress ratios. But the shear stress concentration around the
entry com er increases with the increase o f horizontal-to-vertical stress ratio. When the
horizontal-to-vertical stress ratio is one, the maximum shear stress around the entry
com er is 677 psi. As the horizontal-to-vertical stress ratio increases from I to 2 and 3.
the maximum shear stress around the entry com er increases to 936 psi and 1174 psi.
respectively. The high shear stress concentration around the entry com er contributes to
the cutter roof failure when the roof is subjected to high horizontal stress.

6.2.4 Plastic Strain
Fig. 6.4 shows the plastic strain distribution over the entry when the overburden
depth is 800 ft and the horizontal-to-vertical stress ratios are 1. 2. and 3, respectively. It
is shown that both the size o f the plastic zone
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and the magnitude o f the plastic strain increases as the horizontal stress increases. When
the horizontal-to-vertical stress ratio is one, the maximum plastic strain is 0.022.
H owever, as the horizontal-to-vertical stress ratio increases to two and three, the
maximum plastic strain increases to 0.081 and 0 .1 1, respectively. The m axim um plastic
strain occurs around the center o f the ro o f corresponding to the maximum vertical roof
displacem ent at the center o f the roof. The plastic zone m eans that the stress in this area
is larger than the strength o f the roof. The ro o f in yielding zone is potentially unstable
even if the roof does not fall.

Larger plastic strain induces more vertical roof

displacem ent and thus more possibility o f failure.

6.2.5 Vertical Roof Displacement
Fig. 6.5 shows the vertical ro o f displacement distribution over the entry when the
overburden depth is 800 ft and the horizontal-to-vertical stress ratios are 1. 2. and 3.
respectively.

It is shown that the maximum vertical ro o f displacement occurs at the

center o f the roof and the vertical ro o f displacement increases greatly with the increase o f
the horizontal level.

W hen the horizontal-to-vertical stress ratio is one. the maximum

ro o f displacem ent is 0.9 in. However, the maximum ro o f displacement increases to 2.2
in. and 3.6 in.. respectively, as the horizontal-to-vertical stress ratio increases to two and
three.

6.2.6 Bolt Load
Fig. 6.6 shows the final bolt loads under different horizontal stress level when the
overburden depth is 800 ft and the installed pre-tension is 10-ton. It can be seen that the
bolt load increases with the increase o f horizontal stress level and the center bolt takes
more load than the side bolts.
Since the vertical stress over the entry reduces to low values, the ro o f is mainly to
support horizontal stress. The vertical deformation in the immediate ro o f largely depends
on the horizontal stress. As a result, the bolt load is higher under higher horizontal stress.

6.2.7 Bolt Load Required to Close the Separation
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Fig. 6.7 Pre-tension to Close the Separation

Fig. 6.7 shows the bolt pre-tension required to close the bedding plane separation
2 ft from the roofline. It is shown that the minimum pre-tension required to close the
separation increases as the horizontal stress level increases. Higher pre-tension is needed
to close the separation in the im m ediate ro o f under high horizontal stress because the
active pre-tension has to overcom e the ro o f bending caused by horizontal stress.
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6.3 Overburden Depth
In order to see the effect o f overburden depth on tensioned bolting, three models
with overburden depth 400ft, 800 ft and 1200 ft and horizontal-to-vertical stress ratio 3
across the entry were run.

The vertical stress, horizontal stress, shear stress, roof

displacement, plastic strain, bedding plane closure and bolt loads are analyzed.

6.3.1 Vertical Stress
Fig. 6.8 shows the vertical stress distribution over the entry when the overburden
depth is 400 ft. 800 ft and 1200 ft. respectively and the horizontal-to-vertical stress ratio
is 3. It is shown that the vertical stress over the pillar increases as the overburden depth
increases. However, the vertical stress relief zone over the entry remains about the same
as the overburden depth increases.

If 50 psi is used as a boundary, the vertical stress

relief zone is about 8 ft above the roofline for the three levels o f overburden depth.
Therefore, it can be concluded that the overburden depth affects the vertical stress over
the pillar but the vertical stress in the immediate ro o f over the entry is not significantly
affected.

6.3.2 Horizontal Stress
Fig. 6.9 shows the horizontal stress distribution over the entry when the
overburden depth is 400 ft, 800 ft and 1200 ft. respectively and the horizontal-to-vertical
stress ratio is 3. It can be seen that the horizontal stress increases as the overburden depth
increases if the in-situ horizontal-to-vertical stress ratios are the same. The horizontal
stress concentration factor in the first layer o f the immediate ro o f is about 1.6 for three
levels o f overburden depth.
If horizontal stress level is constant, the increase o f overburden depth does not
change the horizontal stress distribution in the first roof layer.

Fig. 6.10 shows the

horizontal stress distribution when overburden depth is 400 ft w ith the horizontal-tovertical stress ratio being three and overburden depth 1200 ft w ith the horizontal-tovertical stress ratio being one. T he tw o cases have the same in-situ horizontal stress but
different overburden depth. It is show n that the horizontal stress distributions in the first
ro o f layer for theses two cases are close. The conclusion is that the horizontal stress
distribution is more affected by in-situ horizontal stress rather than by overburden depth.
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6 3 3 Shear Stress
Fig. 6.11 shows the shear stress distribution as the overburden depth increases
from 400 ft to 1200 ft and the horizontal-to-vertical stress ratio is three. It is shown that
the shear stress increases as the overburden depth increases. The maximum shear stress
occurs at the entry com er. When the overburden depth is 400 ft. the maximum shear
stress is 400 psi.

However, the maximum shear stress increase to 1600 psi when the

overburden depth increases to 1200 ft.

The shear stress contributes to the ro o f shear

failure around the entry comer. If the shear stress around the entry com er is high, the
distance o f the side bolt from the pillar should be smaller to prevent shear failure.

6J.4 Plastic Strain
Fig. 6.12 shows the plastic strain distribution as the overburden depth increases
from 400 ft to 1200 ft and the horizontal-to-vertical stress ratio is three. It can be seen
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that the plastic strain increases as the overburden depth increases if the in-situ horizontalto-vertical stress ratio is a constant. In order to see the effect o f overburden depth on the
plastic strain distribution under the same horizontal stress level, the model w ith 1200 psi
in-situ horizontal stress but with 400 ft and 1200 ft overburden are used to compare the
plastic strain distribution (Fig.6.13).

It is shown that the plastic strain over the entry

under 1200 ft overburden is close to the plastic strain under 1200 ft overburden when the
horizontal stress levels are the same.

Therefore, it is the horizontal stress but not the

overburden depth that controls the roof yielding.
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Fig. 6.13 Plastic Strain Distribution under Same Horizontal Stress Level
6.3.5 Vertical Displacement
Fig. 6.14 shows the roof vertical displacem ent distribution as the overburden
depth increases from 400 ft to 1200 ft and the horizontal-to-vertical stress ratio is three.
It is shown that the vertical displacement increases dramatically as the overburden depth
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and the horizontal stress level increases. W hen both the overburden depth and horizontal
stress increases by three times from 400 ft and 1200 psi to 1200 ft and 3600 psi. the
maximum vertical displacement increases by five times from 1.5 in to 7.5 in.

In order to

see the effect o f overburden depth on the vertical roof displacement under the sam e
horizontal stress level, the model w ith 1200 psi o f in-situ horizontal stress but with 400 ft
and 1200 ft overburden are used to com pare the vertical roof displacem ent (Fig. 6.15). It
is shown that the maximum vertical displacem ent for 400 ft overburden is 1.5 in. while
the maximum vertical displacement for 1200 ft overburden is 1.6 in.

It is evidenced

again that the ro o f deformation is controlled by the horizontal stress level w hile the
overburden depth is not a significant factor.
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Fig. 6.15 Roof Vertical Displacement under Same Horizontal Stress Level

6J.6 Bolt Load
Fig. 6.16 and Fig. 6.17 show the final side and center bolt load under different
horizontal stress level and different overburden depth when the installed pre-tension is
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10-ton. It can be seen that the bolt load increases with the increase o f overburden depth
when the horizontal-to-vertical stress ratio is constant. It should be noted that it is mainly
the horizontal stress level that determines the bolt load. The effect o f overburden depth
on bolt load is not significant.

For instance, when overburden depth is 400 ft and

horizontal-to-vertical stress ratio is three, the horizontal stress is about 1200 psi. Another
case has the same horizontal stress with 1200 ft overburden depth and horizontai-tovertical stress ratio being one. The two cases have about the same bolt load for side bolt
and center bolt as shown in Fig. 6.16 and Fig. 6.17.
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Fig. 6.16 Load of Side Bolt under Different Overburden Depth
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Fig. 6.17 Load of Center Bolt under Different Overburden Depth
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6.3.7 Bolt Load Required to Close the Separation
Fig. 6.18 shows the bolt pre-tension required to close the bedding plane separation
2 ft from the roofline under different overburden depth and horizontal-to-vertical stress
ratio. It is shown that the minimum pre-tension required to close the separation increases
as the overburden depth and the horizontal-to-vertical stress ratio increases.
14
-overburden depth =400 ft
13
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Fig. 6.18 Required Pre-tension to Close Separation
6.4 Longwall Mining
Longwall mining creates abutm ent pressure around the entries near the longwall
face due to ro o f caving. The abutm ent pressure subjects the entries to more vertical and
horizontal load. The increase o f the load over the entries induces more ro o f displacem ent
and load in the bolts.

In order to support the entries influenced by longwall m ining,

tensioned bolt should be designed to survive under the abutm ent pressure. This section
will sim ulate the longwall effect on tensioned bolting using the gob model developed by
Morsy and Peng (2002).

6.4.1 Finite Element Models
M orsy and Peng (2002) proposed a gob material model and the model w as
implem ented into a subroutine in ABAQUS.
abutm ent loading by longwall mining.

The model can be used to model the

The model assum es that the tangent Y oung's
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modulus o f the granular material is a linear function o f the applied normal stress based on
T erzaghi's assumption:

E, = E0 + cicr

where

(6-1)

Et = tangent Y oung's modulus:
ct =

normal stress;

a = constant:
Eo = initial Y oung's modulus.
The stress-strain relationship is finally derived as:

=
where

a

- \)

(6-2)

Ro = constant:
E, = intact modulus:
e = normal strain.
The global model with a three-entry system is shown in Fig. 6.19.

overburden depth is 400 ft and the horizontal-to-vertical stress ratio is 3.
abutment pressure and front abutment pressure are simulated.

The

Both side

The effect o f side

abutm ent pressure is considered in the middle entry. In this case, the submodel is taken
from across the middle entry. The situations when the first panel and second panel are
mined are simulated (Fig. 6.19 a). The front abutment pressure is considered 20 ft in
front o f the longwall face. In this case, the submodel is taken from across the side entry
in front o f the longwall face (Fig. 6.19 b).

6.4.2 Effect o f Side Abutment Pressure
Side abutment pressure around the middle entry is considered when the first
longwall and second longwall are mined.

Fig. 6.20 shows the vertical stress over the

entry after both the first and the second panels are mined, it can be seen that the vertical
stress increases significantly after both the first and second panels are mined. Since the
middle entry is 50 ft away from the longwall gob, the abutm ent pressure applied over the
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pillar around the m iddle entry is not so large. On the other hand, the vertical stress relief
zone remains about the sam e after both the first and second panel are mined.
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Fig. 6.19 Global Model for Longwall Mining Effect
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Fig. 6.21 shows the horizontal stress distribution over the entry after both the first
and the second panels are mined. It can be seen that the horizontal stress increases after
both the first and second panels are mined. The increase o f the horizontal stress is due to
the abutment pressure.
Fig. 6.22 shows the shear stress distribution over the entry after both the first and
the second panels are mined. It is shown that the shear stress around the entry com er has
little increase but the shear stress distributes more extensively over the entry after the
second panel is mined.
Fig. 6.23 shows the plastic strain distribution over the entry after both the first and
the second panels are mined. The plastic strain increases after both the first and second
panels are mined.
Fig. 6.24 shows the vertical displacement distribution over the entry after both the
first and the second panels are mined. It is shown that the maximum vertical
displacement is 1.4 in. after the first panel is mined and 1.9 in. after the second panel is
mined.
Fig. 6.25 shows the bolt load during development and longwall mining. Initially,
bolts are installed with 10-ton pre-tension but the bolt loads increase to 10.8 and 10.4
tons for center bolt and side bolt, respectively, by subsequent ro o f deformation. The bolt
loads increases to 14.8 in the center bolt and 13 tons in the side bolt after the first panel is
mined. The second panel m ining increases the bolt loads up to 15.8 tons in the center
bolt and 15 tons in the side bolt.

6.4.3 Effect o f Front Abutment Pressure
The front abutment pressure over the tailgate is considered after the first panel is
mined and the second panel is 20 ft away (Fig. 6.19b).
Fig. 6.26a shows the vertical stress distribution over the entry under the front
abutment pressure. It can be seen that the vertical stress concentration over the pillar
caused by the abutment pressure is about 7 times o f the virgin stress. This high stress
concentration over the pillar may cause pillar yielding and spalling.

In addition, the

destressed zone over the center o f the entry does not increase due to the abutment
pressure.
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Fig. 6.26b shows the horizontal stress distribution over the entry under the front
abutm ent pressure.

T he horizontal stress in the immediate ro o f near the roofline

increases. It can also be noted that the tensile stress occurs in the im m ediate roof above
the second bedding plane due to the abutment pressure. The tensile stress occurs when
the roof has excessive displacement or the horizontal stress is small com pared with
vertical stress.
Fig. 6.26c shows the shear stress distribution over the entry under the front
abutment pressure. The shear stress in the immediate ro o f distributes more extensively
above the entry. Due to the abutment pressure, the shear stress concentration not only
occurs around the entry com er but also in the roof above the entry.
Fig. 6.27a shows the plastic strain distribution over the entry. The plastic strain
increases due to the abutm ent pressure and the maximum plastic strain occurs in the
middle o f the entry.
Fig. 6.27 b show s the vertical displacement distribution over the entry.

The

maximum vertical displacem ent occurs in the middle o f the entry, w hich is 2.3 in.
Fig. 6.28 shows the bolt load during installation and under the influence o f
abutm ent pressure. It can be seen that the bolt load increases significantly as the front
abutm ent pressure applies over the entry. The load increase is 5.9 tons in the center bolt
and 5.5 tons in the side bolt. The bolts would go to yielding if their capacity is not large
enough. The amount o f load added to the bolts due to abutm ent pressure should be
considered in the tensioned bolting design.

In summary, both side and front abutm ent pressure will change the stress
distributions around the entry and increase the ro o f displacem ent and bolt loads. Both the
side and front abutm ent pressure increases the vertical stress above the pillar and
horizontal stress over the entry. But the vertical stress released zone rem ains about the
sam e under the abutment pressure. The vertical stress concentration in the tailgate caused
by front abutment pressure is much larger than in the middle entry by side abutment
pressure. The horizontal tensile stress could occur over the entry in the tailgate. The
plastic zone, vertical ro o f displacement and bolt loads increase significantly due to the
abutm ent pressure.
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6.5 Intersection
Intersections are where entry and crosscut meets. There are four-way and threeway intersections according to their shape. The intersections are comm on in both room
and pillar and longwall mining. Intersection stability is controlled mainly by roof span,
horizontal stress and roof geology (Hanna and Conover. 1988).

The outstanding

characteristic o f the intersections is their large roof span. The large exposed unsupported
area in an intersection makes the stress distribution over it different from that over the
entry and crosscut.

The shape o f the intersection also makes it difficult to avoid the

major horizontal stress across the intersection irrespective o f its orientation. This
unfavorable condition and stress environm ent cause more ro o f falls in intersections.
Statistics from NIOSH (Mark and Barczak. 2000) showed that 70% o f ro o f falls occurred
in intersections.

To support the intersections safely, bolting plan different from those

used in the entries/crosscuts should be designed for the intersections. This section will
analyze how tensioned bolting is affected by the four-way and three-w ay intersections.

6.5.1 Finite Element Models
The global model is used to sim ulate the three-entry system and the subm odels to
simulate the four-way and three-way intersections (Fig. 6.29).

The submodel for the

four-way intersection is taken from the four-way intersection along the middle entry and
the submodel for the three-way intersection is taken from the three-w ay intersection
along the side entry. In order to reduce the model size, symmetry o f the model is utilized.
A quarter o f the four-way intersection and h a lf o f the three-way intersection are used for
the submodels.

Fig.6.30 shows the submodel for the four-way intersection and Fig.6.31

for the three-way intersection.
The typical geological colum n from Pittsburgh seam as show n in Fig. 5.1 is still
used for the intersection study. T he overburden depth modeled is 400 ft. Two bedding
planes, one being 2 ft above the roofline and another 5 ft above the roofline. are
implemented in the models. The in-situ horizontal stress perpendicular to the entry is the
major horizontal stress, which is three tim es o f the vertical stress w hile the in-situ
horizontal stress across the crosscut is the m inor horizontal stress, which is 2.14 times o f
the vertical stress.
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Reproduced

Fig. 6.33 Bolt Layout for Three-way Intersection
The bolt length is 8 ft with 10-ton pre-tension installed. Twelve bolts are installed
in the model for the four-way intersection as shown in Fig. 6.32 and eighteen bolts for the
three-way intersection as shown in Fig. 6.33.

6.5.2 Modeling results for the four-way intersection
Fig. 6.34 shows the vertical stress distributions across the diagonal o f the
intersection (A-A cross-section). It is shown that the vertical stress concentrates over the
pillar and the tensioned bolts only causes local stress concentrations around the anchors.
In addition, tensile stress occurs above and near the top anchors. It should be noticed that
if 50 psi is used as a boundary stress field, the vertical stress released zone goes to about
16 ft above the central area o f the intersection due to its large span, which is 28.5 ft
across the diagonal. Compared with the vertical stress distribution across the entry in
Fig.6.8a under the sam e condition, the vertical stress released zone over the four-way
intersection is about 50% larger than that across the entry.
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Fig. 6.36 Shear Stress Distribution across the Diagonal of a Four-way Intersection
The vertical stress over the pillar near the intersection com er is also larger than
that over the pillar near the entry comer.
Fig. 6.35 shows the horizontal stress distribution across the diagonal o f the four
way intersection. It is shown that the horizontal stress concentrates on the first layer o f
the im m ediate roof. T he average stress concentration factor on the first layer is about 1.5.
which is less than the horizontal stress concentration factor on the first layer across the
entry. The low er horizontal stress concentration in the immediate roof around the center
o f the intersection has to do with the large ro o f deflection around the intersection. On the
other hand, the maximum horizontal stress on the intersection com er is 2152 psi and
hence the horizontal stress concentration factor is 1.9.

However, the maximum

horizontal stress on the entry com er is 2981 psi, which gives the horizontal stress
concentration factor o f 2.26. Therefore, the horizontal stress concentration around the
intersection com er is smaller than that on the entry com er. The reduction o f horizontal
stress concentration around the intersection co m er reduces the chance o f shear failure.
Fig. 6.36 shows the shear stress distribution across the diagonal o f the four-way
intersection. It is show n that the shear stress concentrates around the intersection com er.
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Compared w ith the shear stress distribution across the entry in Fig.6.1 la, the shear stress
over the intersection is larger due to the large span.
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Fig. 6 3 7 Plastic Strain and Vertical Roof Displacement Distribution across the
Diagonal of a Four-way Intersection

Fig. 6.37a shows the plastic strain distribution across the diagonal o f the four-way
intersection.

It is shown that the plastic strain occurs across the first layer o f the

immediate ro o f over the intersection. Com pared with the plastic strain distribution across
the entry in Fig. 6.12a. the average plastic strain in the immediate ro o f over the
intersection is 40% greater. Fig. 6.37b shows the roof vertical displacement distribution
across the diagonal o f the four-way intersection. It is shown that the maximum vertical
displacem ent is about 2.4 in. Com pared with the maximum vertical displacement, w hich
is 1.5 in.. across the entry in Fig. 6.14a. the maxim um vertical displacement across the
intersection is 60% greater.
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Fig. 6 J 8 Bolt Load Increase after Installation in Four-way Intersection
Fig. 6.38 shows the bolt load increase after installation with 10-ton pre-tension. It
can be seen that the bolts around the center o f the intersection are subjected to more load.
It is also shown that the bolt load increase around the entry is larger than that around the
crosscut, because the major horizontal stress is in the direction across the entry.
Fig. 6.39a shows the bedding plane separation around the four-way intersection
before the bolts are installed. It can be seen that two bedding planes are separated and the
separation over the center o f the intersection is larger than that over the entry and
crosscut.

After the bolts with 12-ton pre-tension are installed, the bedding plane

separations are closed as shown in Fig. 6.39b.
In summary, four-way intersection is subjected to the stress distribution different
from the entry and crosscut.

The vertical stress released zone over the four-way

intersection is larger and the shear stress around the intersection com er is also larger due
to its large span. Consequently, the intersection is subjected to more plastic strain and
more vertical ro o f displacement. The four-way intersection also tends to have bedding
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plane separation in the immediate ro o f inducing more loads in the bolts. Therefore, the
bolt length and bolt density in intersection should be larger and higher respectively than
those in entry and crosscut, especially when the immediate roof over the intersection is
weak.

a. bedding plane separation without bolts

b. bedding plane closure with pre-tension

Fig. 6 3 9 Bedding Plane Separation and Closure over Four-way Intersection
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6.5.3 Modeling Results for the Three-way Intersection
Fig.6.40 shows the vertical stress distributions across the diagonal o f the threeway intersection (B-B cross-section). It is shown that the vertical stress concentrates over
the pillar and the tensioned bolts only causes local stress concentrations around the
anchors. M oreover, tensile stress occurs above the near top anchors. It can be seen that
if 30 psi is used as a boundary, the vertical stress released zone goes to about 14 ft above
the central area o f the intersection due to its large span, which is 26 ft across the diagonal.
This vertical stress released zone is 2 ft smaller than that over the four-way intersection.
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Fig. 6.40 Vertical Stress Distribution across the Diagonal of a Three-way
Intersection (B-B cross-section)
Fig. 6.41 shows the horizontal stress distribution across the diagonal o f the threeway intersection. It is shown that the horizontal stress concentrates on the first layer o f
the immediate roof. The average stress concentration factor on the first layer is about 1.5.
which is about the sam e as that for the four-way intersection because the diagonal ro o f
span in a three-w ay intersection is close to that in a four-way intersection.
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Fig. 6.42 Shear Stress Distribution across the Diagonal o f a Three-way Intersection
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Fig. 6.42 shows the shear stress distribution across the diagonal o f the three-way
intersection. It is shown that the shear stress concentrates around the intersection comer.
Compared with the shear stress distribution over the four-way intersection in Fig. 6.36,
the shear stress over the three-way intersection is smaller due to the smaller unsupported
area.
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Fig. 6.43 Plastic Strain and Vertical Roof Displacement Distribution across the
Diagonal of Three-way Intersection

Fig. 6.43a shows the plastic strain distribution across the diagonal o f the threeway intersection. It is shown that the plastic strain occurs across the first layer o f the
immediate roof over the intersection. Compared with the plastic strain distribution over
the four-way intersection in Fig. 6.37a, the plastic strain over the three-way intersection is
smaller. Fig. 6.43b shows the ro o f vertical displacement distribution across the diagonal
o f the three-way intersection.

It is shown that the maximum vertical displacement is

about 1.9 in. Com pared with the maximum vertical ro o f displacem ent over the four-way
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intersection, the maximum vertical displacem ent across the three-w ay intersection is 0.5
in smaller.
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Fig. 6.44 Bolt Load Increase after Installation in Three-way Intersection
Fig. 6.44 shows the bolt load increase after installation w ith 10-ton pre-tension. It
can be seen that the bolts around the center o f the intersection are subjected to more load.
It is also shown that the bolt load increase around the entry is larger than that around the
crosscut, because the major horizontal stress is in the direction across the entry.
Compared with the load increase in the four-way intersection, the load increase in the
three-way intersection is smaller due to the smaller unsupported area.
The model also shows that the bedding planes over the three-way intersection
separate before tensioned bolts are installed. After the bolts with 10-ton pre-tension are
installed, the bedding plane separations are closed. The pre-tension to close a separation
over the four-way intersection is sm aller than the pre-tension to close a separation over
the three-way intersection.
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In summary, three-way intersection is subjected to the stress distribution different
from the entry and crosscut. The vertical stress released zone and the shear stress over
the three-way intersection are larger due to its large span.

Moreover, the three-way

intersection is subjected to more plastic strain and more vertical ro o f displacement. The
three-way intersection would also induce more loads in the bolts. However, the plastic
strain, vertical roof displacement, bolt load increase in the three-way intersection are
significantly smaller than that in the four-way intersection.

Therefore, three-way

intersection is more stable than four-way intersection.
Table 6-1 shows the com parison am ong entry. 4-way and 3-way intersections in
terms o f maxim um stress, plastic strain, ro o f displacement and bolt load increase. It can
be seen that the maximum vertical stress, shear stress, plastic strain, ro o f displacement
and bolt load increase at the 4-way intersection are larger than those at the 3-way
intersection and entry. Table 6-1 also shows that the maximum horizontal stress at the 4way intersection is smaller than that at the 3-way intersection and entry. The reduction o f
the horizontal stress reduces the possibility o f compressive failure at the 4-way
intersection. Therefore, the 4-way intersection has the most ro o f falls and the most likely
failure is shear failure to form a dom e shape over the central area o f the intersection.

Table 6.1 Comparison Among Entry, 4-way and 3-way Intersections
Items

Entry

4-way Intersection

3-way Intersection

Max. vertical stress (psi)

650

1.050

950

Max. horizontal stress (psi)

2.981

2.152

2.050

Max. shear stress (psi)

400

550

450

Max. plastic strain

0.05

0.11

0.095

Max. roof displacement (in.)

1.5

2.4

1.9

Max. bolt load increase (tons)

3.1

5.1

4.5

From

the above results, both

four-way and three-way

intersections are

unfavorable to the roof stability because o f their large span and orientation. The diagonal
span o f the intersection is about 1.4 tim es o f the width o f an entry or crosscut.
rounding pillar is practiced, the span will be even larger.

If

The large span in the
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intersection causes more vertical stress relief over the intersection and makes the roof
easier to yield due to the lower vertical confinement. The large span also causes more
shear stress over the pillar com er and increases the possibility o f shear failure over the
intersection comer, in addition, orientation o f the horizontal stress is important to the
stability o f the intersection, because ro o f yielding and bolt loads are largely determined
by horizontal stress level.

If the major horizontal stress is along the diagonal o f the

intersection, the roof will have more bending and displacement, hence more likely to fail.
Therefore, the intersection should be so oriented that the major horizontal stress is not
aligned with its diagonal.

However, because the shape o f the intersection, the horizontal

stress across the diagonal is always larger than the average o f the m ajor and minor
horizontal stresses no matter how the intersection is oriented.
In using tensioned bolts, the following suggestions might be helpful to the
intersection stability according to the above analysis:
a. To change the four-way intersection to three-way intersection if possible.
b.

To avoid rounding pillar com ers if they are in the same direction o f major
horizontal stress.

c. To use longer bolts in the intersection if bolts are not anchored in a stable ro o f
layer.
d. To increase the bolt diameter and pre-tension if there is a separation within 2-3 ft
o f the immediate ro o f over the intersection.
e. To increase the bolt density and to reduce the spacing near the pillar com er if the
immediate ro o f is thick and weak.

6.6 S um m ary
In this chapter, factors such as in-situ horizontal stress, overburden depth, longwall
mining and intersections have been considered to analyze how they affect the ro o f stress
distribution, roof yielding, deformation and tensioned bolting. The main conclusions are
summarized as the follows:
In-situ horizontal stress level does not affect the vertical stress distribution over the
entry, but does affect the horizontal stress distribution over the entry dramatically. The
horizontal stress concentrates on the first layer o f the immediate ro o f and the average
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horizontal stress concentration factor is about 1.6. The shear stress at the entry com er
increases as the horizontal stress increases.
The plastic zone and plastic strain increases as the horizontal stress increases.
The ro o f displacement also increases significantly as the horizontal stress increases.
High horizontal stress induces more loads in the bolts and also requires more pre-tension
to close the separation in the immediate roof.
The horizontal stress level largely determines the yielding zone in the ro o f and the
loads in the bolts.

So the bolt length, bolt density and bolt pre-tension are greatly

affected by the in-situ horizontal stress.
Overburden depth affects the vertical stress over the pillar. Shear stress increases
as the overburden depth increases. R o o f yielding, vertical displacement and bolt loads
are affected largely by the horizontal stress level but insignificantly by the overburden
depth.
Both side and front abutm ent pressure will change the stress distributions around
the entry and increase the roof displacem ent and bolt loads.

Both the side and front

abutm ent pressure increases the vertical stress above the pillar and horizontal stress over
the entry. But the vertical stress released zone remains about the same under the abutm ent
pressure.

The vertical stress concentration in the tailgate caused by front abutm ent

pressure is much larger than in the middle entry by side abutment pressure.

The

horizontal tensile stress could occur over the entry in the tailgate.
Four-way intersection is subjected to the stress distribution different from the
entry and crosscut, which is not favorable to its stability. The vertical stress released
zone over the four-way intersection is larger and the shear stress around the intersection
com er is also larger due to its large span. Consequently, the intersection is subjected to
m ore plastic strain and more vertical ro o f displacement. The four-way intersection is also
mostly likely to have bedding plane separation in the immediate ro o f and will induce
m ore loads in the bolts.
Since plastic strain, vertical ro o f displacement, bolt load increase in the three-w ay
intersection is significantly sm aller than that in the four-way intersection, the three-w ay
intersection is more stable than the four-way intersection.
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CHAPTER 7
DESIGN GUIDELINE AND PROGRAM DEVELOPMENT
7.1 Introduction
According to a previous study by Zhang and Peng (2002). tensioned bolts play
four roles in supporting the immediate roof: (1) reducing the deformation and increase
the residual strength o f the yielding zone in the immediate roof so that the bolted strata
will have the ability not only to support itself but also to take the load from, and limit the
deformation of. the upper strata: (2) closing the cracks and separations in the immediate
roof so as to increase both the strength o f the affected ro o f layers and the stiffness o f the
whole bolted strata such that any subsequent vertical displacement is resisted by the high
installation load in the bolt due to pre-tension: (3) providing in the immediate roof within
2-3 ft o f the roof line com pressive zones which can generate frictional forces along the
fractures and bedding planes near the bearing plates - beam building effect: (4)
suspending the gravity load and those vertical loads caused by rock expansion and
bending o f the ro o f layers subjected to the horizontal stress. The study also showed that
tensioned bolts are subjected mainly to the axial load, which is generated by the vertical
ro o f displacem ent caused mainly by the horizontal stress. The compressive zones in the
immediate ro o f caused by the bolt pre-tension are restricted to the areas near the bearing
plates except triangle zones between bolts, and between side bolts and ro o f comers.
Possible anchor slippage o f the tensioned bolts is an important factor in
determining that the tensioned bolts are suitable for weak ro o f under low stress level.
Since the tensioned bolt transfers its load to the anchor, it is important that the bolt is
anchored in a stable ro o f layer. However, high stress in the roof is likely to cause either
the rock in the anchorage horizon to yield o r anchor slippage due to excessive loading by
large ro o f displacement. Although the bolt pre-tension provides active support to the
roof, it also reduces the am ount o f bolt load increase allowed as a result o f subsequent
ro o f displacement. Therefore, tensioned bolts are not suitable for ro o f which could have
large deformation after bolt installation.
In order to quantitatively describe the interaction between the bolt and the rock,
and the supporting effect o f the tensioned bolts on the im mediate roof, a 3-D numerical
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model was established based on a commercial finite element package. ABAQUS. The
model considers the excavation sequence, bolt installation procedure, bolt pre-tension,
bedding planes and in-situ horizontal stress.

Furthermore, a design procedure for

tensioned bolting using the proposed model was also proposed and verified.
To make this design approach practical and easy to use. this study refines the
proposed design procedure, gives some basic design guidelines based on geological
condition in the Pittsburgh seam and develops a computer program for tensioned ro o f
bolting design for entry development using the data obtained from numerical models.

7.2 Refined Design Procedure
The proposed design procedure for tensioned ro o f bolting is refined and
summarized as follows:

7.2.1 Determination of Bolt Length
The first step is to determine the bolt length. By running the model without bolts,
the yield zones in the immediate roof are obtained. The bolt length is determined by the
maximum height o f the yield zone plus 1.5 ft anchor length so that the anchor is located
in an area w here the rock is stable.

7.2.2 Determination of Bolt Pre-tension
If there is a bedding plane w ithin 3 ft o f the immediate roof, the minimum
required pre-tension can be estimated by the equation 5-2 using the roof displacement
and horizontal stress in the first roo f layer obtained from the model.
Then the model with bolts with the minimum required pre-tension is run
and the results are examined to see if any separations within 3 ft o f the immediate ro o f
are closed. This can be achieved by checking if there is a normal pressure in the bedding
planes. If separations remain, a new pre-tension with 2-ton increment will be used to run
the model with bolts again. This process is repeated until the bed separations are closed.
The final pre-tension is the optimum pre-tension that will be used in the design.
If the bedding plane is 3 ft above the ro o f line or no bedding planes within the
bolted horizon, a reasonable amount o f pre-tension should produce a 2-ft compressive
zone above the bearing plate.
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7.2.3 Determination of Bolt Spacing
According to the causes and locations o f roof failures, the roof fails either around
the entry com er (cutter roof failure or shear failure) or around the center o f the entry (skin
failure or buckling failure) (Zhang and Peng. 2002). The bolt spacing should be designed
to prevent the potential roof failure. The shape o f the yield zone and plastic strain pattern
in the immediate roof are used to predict the potential failure modes.
If the ro o f yielding only occurs around the entry com ers, possible failures would
occur around the entry com ers. In this case, the side bolts should be installed within 2-3
ft from the entry com ers to prevent cutter ro o f failure.
If the ro o f yielding develops over the entry, both the entry com ers and center o f
the entry may fail. In this case, em phasis should be on the entry com ers because both the
horizontal and shear stresses are concentrated on these areas.

The distance between the

side bolt and the entry com er should be adjusted so that the bolts extend 2 ft beyond the
potential failure plane both to anchor the bolt in a stable area and to limit the roof
displacement in case the failure occurs. The failure angle between the roof line and the
potential failure plane is defined by the equation 5-5.

7.2.4 Determination of Bolt Diameter
Bolt diam eter should be designed such that (I) the bolt pre-tension plus the bolt
load increase during its service tim e is less than 75% o f the bolt yield load: and (2) the
bolts can take the gravity load o f the immediate roof below the anchorage horizon
without yielding in case the ro o f fails by shear.

7 3 Design Guidelines
Generally, tensioned bolts are suitable for weak ro o f under low stress level,
especially for the roof which has a stable layer into which the bolts can be anchored.
R oof strength and stress level are the main factors for bolting design. Besides, since the
roof strata in coal mines often occur in layers, the bedding planes are important in the
roof bolting design. The study on bedding planes showed that the bedding plane locations
in the im m ediate roof significantly affect the stress distribution over the entry, and roof
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failure modes.

W hen there are no bedding planes in the immediate roof, more roof

yielding develops at the entry comers. W hen the bedding planes are located within 3 ft
o f the roof line, this portion o f the immediate roof is subjected to horizontal stress
concentration and more prone to yield. W hen the bedding planes are located 3 ft above
the roof line, the horizontal stress in the immediate roof decreases and more ro o f yielding
occurs at the entry com ers. The study also showed that if there are m ultiple bedding
planes in the immediate roof, they can be represented by two bedding planes: one located
within 3 ft o f the ro o f line, and another 3 ft above the roof line. Therefore, according to
the number and locations o f the bedding planes, the roof can be classified into four types:
type 1 - without bedding planes: type II - bedding planes within 3 ft o f the roof line; type
III - bedding planes 3 ft above the ro o f line; type IV - bedding planes both within and
above 3 ft o f the roof line (Fig. 7.1).
To obtain how the overburden depth, horizontal stress and ro o f type affect the
tensioned ro o f bolting design, 36 models with overburden depth o f 400. 800 and 1200 ft.
m ajor horizontal-to-vertical stress ratio o f I. 2 and 3 and different ro o f types were run
using the geological condition o f the Pittsburgh seam.

The results were built into a

database for the developm ent o f a design program. The results in the database include
depth o f yield zone, maximum horizontal stress, average horizontal stress in the first roof
layer, maximum shear stress, maximum plastic strain, average plastic strain, maximum
ro o f displacement, optim um pre-tension and bolt load increase.
By analyzing the results o f these 36 models, the following guidelines for
tensioned roof bolting design were obtained. Basically, they are applicable to 18 ft -w id e
entries during developm ent under the geological conditions sim ilar to the Pittsburgh
seam.

Nevertheless, the ideas are useful for understanding how overburden depth,

horizontal stress level and ro o f type affect tensioned roof bolting.
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( a ) type I

( b ) type II

( c ) type III

<3ft

(d )ty p e IV

Fig. 7.1 Roof Types Classified by Bedding Plane Locations
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7.3.1 Bolt Length
Fig. 7.2 shows the proposed bolt length under different overburden depth and
horizontal stress level for the four ro o f types. It can be seen that basically the bolt length
increases as the overburden depth and horizontal stress level increase, and that the bolt
length required by ro o f type I and III is shorter than that by ro o f type II and IV.
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Fig. 7.2 Proposed Bolt Length for Four Roof Types
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Fig. 7.2 (Continued)Proposed Bolt Length for Four Roof Types
7.3.2 Bolt Pre-tension
Fig. 7.3 shows the optimum pre-tension applied in the bolts under different
overburden depth and horizontal stress level for the four roof types. For ro o f type I and
III. the pre-tension is to provide about 2 ft compressive zone in the immediate ro o f while
for roof type II and IV. the pre-tension is to close the bedding plane separations w ithin 3
ft o f the immediate roof.

It can be noted that the optimum pre-tension increases

uniformly as the overburden depth and horizontal stress level increase.
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Fig. 7 3 Optimum Pre-tension for Four Roof Types
73.3 Bolt Spacing
A ssum ing a 4 ft row spacing along the entry direction is preferred, the bolt
spacing design should be focused on the spacing across the entry. For ro o f type I and III.
the spacing between the side bolts and entry comers should be shortened to 2 ft or 2.5 ft
for an 18-ft entry to prevent shear failure around the entry comers. For roof type II. a 3 ft
spacing between side bolt and entry com er should be used to provide a uniform support
to the ro o f to protect the yielded roof within 3 ft o f the roof line. For roof type IV. if the
ro o f layers 3 ft above the roof line are strong, a 3 ft spacing between the side bolt and
entry com er is suggested. I f the ro o f layers 3 ft above the ro o f line are weak, the spacing
betw een the side bolt and entry com er should be shortened so that the side bolt extends at
least 2 ft above the possible failure plane. Fig. 7.4 shows the angle between the possible
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failure plane and roof line at the entry com ers under different horizontal stress level for
the four ro o f types when the overburden depth is 400 ft. It can be seen that the angles
decrease as the horizontal stress level increases, which means the failure tends to occur
around the entry comers when the horizontal stress is low. Therefore, more attention
should be paid to the entry com ers if the horizontal stress is low. Fig. 7.4 also shows that
the failure angles for roof type I and III are larger than for ro o f type II and IV. which
demonstrates that entry comers for ro o f type I and III are more important than for ro o f
type II and IV.

type I

type II

type III

type IV

roof types

Fig. 7.4 Angle Between Possible Failure Plane and Roof Line for Four Roof Types
7.3.4 Bolt Diameter
Since the allowable range o f change for the bolt row spacing and number o f bolts
per row are small, bolt diameter change should be used in areas where a higher bolt
loading is required. If the roof is subjected to high horizontal stress and the ro o f has
multiple bedding planes, large diam eter bolts should be used to prevent either bolt
yielding or bolt breaking. Fig. 7.5 shows the bolt load increase under different horizontal
stress level for the four roof types when the overburden depth is 1200 ft. It is obvious
that the bolt load increases under higher horizontal stress.
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Fig. 7.5 Bolt Load Increase for Four Roof Types
7.4 Design Program Development
To m ake tensioned ro o f bolting design easier, the design procedure is developed
into a design program using Visual C++ and OpenGL.
Fig.7.6 shows the flow chart o f the design program. First, the program asks for
the user's input: after the program obtains the input from the user, it searches for a closest
case in the database: with the obtained data from the database, the program performs the
design using the proposed criteria: and finally, the design is displayed by 2-D o r 3-D
views.
In searching for the closest case in the database, a distance function is used to
calculate the difference between the case in question and each o f the case in the database.
The case w ith the smallest distance is used for the design. The distance function
is defined as:

H0

H 0 x hr0

s ]0

,y,0

w here d - distance between the case in question and those in the database:
H - overburden depth o f the cases in the database:
Ho —overburden depth o f the case in question:
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hr - horizontal-to-vertical stress ratio o f the cases in the database;
hro —horizontal-to-vertical stress ratio o f the case in question;
si — ro o f strength within the first 3 ft o f the im mediate ro o f for the cases in the
database;
S[o — roof strength within the first 3 ft o f the im m ediate roof for the case in
question;
S2 - average ro o f strength o f the immediate ro o f for the cases in the database:
S2 0 —average roof strength o f the immediate ro o f for the case in question.

Input
Overburden depth, horizontal-vertical stress ratio, entry width, rock
properties, rock strength and bedding plane locations

Search Design Information
Search the database and look for the closest case

Design
Determine bolt length, pre-tension, bolt spacing, bolt diameter
by proposed criteria_____________________________________

Display
Display the design in 2-D and 3-D views

Fig. 7.6 Flow Chart for Tensioned Roof Bolting Design Program
The four terms in the distance function are the differences o f overburden depth,
horizontal stress level, roof strength w ithin the first 3 ft o f the immediate ro o f and
average strength o f the immediate ro o f between the case in the database and the case in
question. A ll the term s are normalized to make each factor have the same influence on
the distance.
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Fig. 7.7 shows the user input interface. Overburden depth, horizontal-to-vertical
stress ratio, entry width and the information for each roof layer in the immediate ro o f are
the geological input data required from the user. Figs. 7.8 and 7.9 show the design with
2-D/3-D view s o f the bolt length, bolt spacing, bolt pre-tension and bolt diameter.

7.5 S u m m ary
U tilizing ABAQUS, bolt installation procedure, bolt pre-tension, bedding planes,
in-situ horizontal stresses and the interaction between bolts and roof strata are modeled
realistically. The failure mechanisms o f bolted strata are analyzed and a design procedure
is proposed. According to the bedding plane locations. The ro o f is classified into 4 types.
Based on the geological condition o f the Pittsburgh seam, som e design guidelines are
given. Finally, a com puter program is developed for tensioned bolting design using the
output data from numerical modeling. The results such as yield zone, ro o f deformation,
bolt load increase and stresses around the entry from numerical modeling are built into a
database. The program first gets the geological inputs from the user, searches the design
information in the database, performs the analysis using the design criteria, and finally
displays the design by 2-D and 3-D views.
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CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS
In this research, tensioned ro o f bolting has been m odeled using 3-D finite element
modeling technique.

Attempt has been made to model the tensioned roof bolting

realistically by considering the physical dimension o f the tensioned bolts, excavation
sequence, bolt installation procedure, bolt pre-tension, bedding planes and in-situhorizontal stress.
The bedding planes have been studied by first testing their mechanical properties and
behavior. The effect o f the bedding plane locations, the num ber o f the bedding planes in
the immediate ro o f and the coefficient o f friction o f the bedding planes on ro o f stability
and tensioned bolting has been studied through finite elem ent modeling. Based on the
modeling results, theoretical analysis and literature review , the failure modes and the
mechanisms o f the tensioned bolted strata are analyzed.

A numerical model has been

proposed for tensioned ro o f bolting design and verified by an instrumented field case.
The factors such as overburden depth, horizontal stress level, longwall mining. 4 -way and
3-way intersections are analyzed to determine how they affect ro o f stability and tensioned
bolting. Finally, some design guidelines have been proposed for tensioned bolting design
based on the geological condition o f the Pittsburgh seam. A com puter program has also
been developed to facilitate tensioned roof bolting design.

8.1 Conclusions
Based on the results o f this research, the following conclusions can be made about
the modeling and the m echanism s o f the tensioned bolts:
(1)

A finite elem ent model using ABAQUS has been developed for the tensioned
bolting design. In this model, tensioned bolting is modeled realistically by
considering the physical dimension o f the bolts, excavation sequence, bolt
installation procedure, bolt pre-tension, bedding planes and in-situ-horizontal
stress. Excavation sequence and bolt installation procedure are important to
obtain the true bolt load increase after the bolt installation to evaluate the effect
o f the pre-tension on ro o f stability.
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(2)

Tensioned bolts play four roles in supporting the immediate roof: ( I ) to reduce
the deformation and increase the residual strength o f the yielding zone in the
immediate roof so that the bolted strata will have the ability not only to support
itself but also to take the load from, and limit the deformation of. the upper
strata: (2) to close the separations around the bearing plates within 3 ft o f the
immediate roof so as to increase both the strength o f the affected ro o f layers
and the stiffness o f the whole bolted strata such that any subsequent vertical
displacement is resisted by the high installation load in the bolt due to pre
tension: (3) to provide in the immediate roof within 3 ft o f the ro o f line
compressive zones which can generate frictional forces along the fractures and
bedding planes near the bearing plates - beam building effect: (4) to suspend
the gravity load and those vertical loads caused by rock expansion and bending
o f the ro o f layers subjected to the horizontal stress. The study also showed that
the tensioned bolts are subjected mainly to axial load, which is generated by
the vertical ro o f displacement caused mainly by the horizontal stress. The
compressive zones in the immediate roof caused by the bolt pre-tension are
restricted to the areas near the bearing plates except a triangle zone between
two adjacent bolts, and between side bolts and roof comers.

The bedding planes are important to entry stability and tensioned ro o f bolting
design. Based on the study o f bedding plane, the following conclusions are drawn:
(1)

The bedding plane is a weak interface between different types o f rocks and its
strength is determined by the coefficient o f friction, which ranges from 0.439
to 0.663 determined from tests.

(2)

The bedding planes greatly change the stress distribution in the ro o f above the
entry if sliding and/or separation occurs: the vertical stress in an arched zone
above the center o f the entry reduce to very low values: the horizontal stress is
concentrated more in the first layer o f the roof: and the shear stress around the
entry com ers is also reduced.

(3)

The bedding plane close to the roofline has more effect on the stress
distribution over the immediate roof than that high above the roofline.

A
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bedding plane 3-4 ft above the roofline has the largest effect on the stress
distribution over the entry and the load in the bolt.

Factors such as in-situ horizontal stress, overburden depth, longwall mining and
intersections affect the roof stress distribution, roof yielding, deformation and tensioned
bolting. The main conclusions are as follows:
(1)

In-situ horizontal stress level does not affect the vertical stress distribution over
the entry, but affects the horizontal stress distribution over the entry
dramatically.

The horizontal stress concentrates on the first layer o f the

immediate roof and the average horizontal stress concentration factor is about
1.6.

The shear stress at the entry com er increases as the horizontal stress

increases.
(2)

The plastic zone and plastic strain increases as the horizontal stress increases.
The roof displacement also increases significantly as the horizontal stress
increases. A high horizontal stress induces more loads in the bolts and also
requires more pre-tension to close the separation in the immediate roof.

(3) Overburden depth affects the

vertical stress over the pillar.

increases as the overburden depth increases.

Shear stress

R oof yielding, vertical

displacement and bolt loads are affected greatly by the horizontal stress level
but insignificantly by the vertical stress level.
(4) Both the side and the front

abutment pressures will change the stress

distributions around the entry and increase the ro o f displacement and bolt
loads.

Both the side and the front abutment pressures increase the vertical

stress above the pillar and horizontal stress over the entry. But the vertical
stress released zone in the ro o f remains about the sam e under the abutment
pressure.

The vertical stress concentration in the tailgate at the tailgate T-

j unction caused by the front abutm ent pressure is much larger than that at the
center entry in the gob caused by the side abutment pressure. The horizontal
tensile stress could occur over the entry in the tailgate.
(5)

A four-way intersection is subjected to a stress distribution different from those
o f the entry and crosscut, which is not favorable to its stability. Plastic strain,

176

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

vertical ro o f displacement and bolt load increase in the three-w ay intersection
are significantly sm aller than those in the four-way intersection.

In this research, a finite elem ent model has been established for the tensioned roof
bolting design. The following conclusions are drawn for the tensioned ro o f bolting
design:
(1)

A new design approach is proposed for the tensioned bolting design using
ABAQUS. The procedure has four steps, which determ ine bolt length, bolt
pre-tension, bolt spacing and bolt diameter.

(2)

According to the bedding plane locations, the immediate ro o f is classified into
4 types. This classification scheme will help reduce the num ber o f models to
be run in order to build a database for the tensioned ro o f bolting design using
the new proposed approach.

(3)

A com puter program is developed for tensioned bolting design using the output
data from numerical modeling.

8.2 Recommendations for Tensioned Roof Bolting Design
(1) The tensioned bolts are suitable for a weak ro o f under a low stress level. Since a
tensioned bolt transfers its load to the anchor, it is important that the bolt is
anchored in a stable ro o f layer. The tensioned bolts are not suitable for the
roof with large deformation after bolt installation.
(2) If the roof yielding occurs only around the entry com ers, possible failures would
occur around the entry com ers. In this case, the side bolts should be installed
within 2-3 ft from the entry com ers to prevent cutter ro o f failure.
(3) If the roof yielding develops over the entry, both the entry com ers and center o f
the entry m ay fail.

In this case, emphasis should be on the entry comers

because both the horizontal and shear stresses are concentrated on these areas.
The distance between the side bolt and the entry com er should be adjusted so
that the bolts extend 2 ft beyond the potential failure plane both to anchor the
bolt in a stable area and to limit the ro o f displacem ent in case the failure
occurs.
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(4) Basically, the bolt length should increase as the overburden depth and horizontal
stress level increase, and the bolt length required by ro o f type I and III is
shorter than that by roof type II and IV.
(5) For roof type I and III, the spacing between the side bolts and entry com ers
should be shortened to 2 ft or 2.5 ft for an 18-ft entry to prevent shear failure
around the entry comers. For ro o f type II, a 3 ft spacing between side bolt and
entry com er should be used to provide a uniform support to the roof to protect
the yielded ro o f within 3 ft o f the ro o f line. For ro o f type IV, if the ro o f layers
3 ft above the roof line are strong, a 3 ft spacing between the side bolt and
entry com er is suggested. If the ro o f layers 3 ft above the ro o f line are weak,
the spacing between the side bolt and entry com er should be shortened so that
the side bolt extends at least 2 ft above the possible failure plane.

More

attention should be paid to the entry com ers if the horizontal stress is low.
(6) If the ro o f is subjected to high horizontal stress and the immediate roof has
multiple bedding planes, a large diam eter bolt should be considered to prevent
either bolt yielding or bolt breaking.
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